
ffiFF—>'rp 



MOSSo N S 

tN' 

ELEMENTAUY IMIACTIOAL PIIYSIUS 





ELEMENTARY PRACTICAT. PHYSICS 

STEWART AND (JEE SERIES 


C. L. J5ARNES, M.A., E.C.S. 

EATK Si'HOLAU OK HALI.IOL COr.I.K(;Kt <)XKt>Rn 
ALTlUm OK ‘OKOUX-lV’ (UyOUY SCHOOL SKKIES), KT<', 


VOL. III. I’ART J. 
PR.i CTR iL A CnimUCH 


ILonlion 

MACMILLAN ANI) CO., Limited 

* NKW YOTlIv: THE MACMILLAN COMPANY 


■ ^ 

Ml l iijhU iriS'ml 




PEEFACE 

This oook forms the first part of Volume HI. of the 
“ Elementary Practical Pliysics ” scries begun in 1885 
at Owins College by Professor Balfout Stewart and 
Mr. W. W. Haldane Gee. Upon the lamented 
decease of the former in 1887, and the subsequent 
acceptance by Mn Gee of an appointment^ as Chieif 
Lecturer in the electrical department at the Man- 
chester Technical School, t^ie work was allowed to 
lapse for some years. Ultimately it was decide^ 
with the concurrence of the Publishers, to entrust the 
remaining sections to separate coadjutors. That on 
Heat is in preparation by the general Editor, to whom 
the present writer is indebted for help and suggestions : 
the final volu^ie (Optics) will appear later. 

In the following pages are collected most of tl^- 
experiments in Acoustics which can be perforrM 
with the usual appliances at the command of a 
student ; others of a more elaborate character are 
described or referred to, though not numbered as 
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part of the course. More than one experiment is 
sometimes included under the same heading in order 
to avoid a needlessly minute subdivision. 

In the other volumes of the series the wealth of 
quantitative experiments has marked out the broad 
lines upon which the work sliould proceed; but in 
Acoustics, where this feature is lacking, some altera- 
tion in plan is inevitable: hence this volume is in 
soUie respects a general text-book. 

The order of the experiments lias not been settled 
without difficulty : probably there is no arrangement 
against which some more or less serious objection might 
not be urged. To begin by discussing the nature of Har- 
monic Motion in detail usually results in the student’s 
being recommended to omit it on a first reading ; to 
delay it too long is to keep in the background the 
fundamental principle of the sci(;nco. It is hoped that 
the middle course here adopted will prove satisfactory. 

A nujiiber of references to original papers in the 
Philosophical Magazine, Nature, and elsewhere, are 
given, so that those who have the volumes at com- 
mand will be able to supplement whajti is here pre- 
sented. No one can now or hereafter write a bool^ 
on Sound worthy of the name, without being under 
extensive obligations to Lord Ihiyleigh’s great work ; 
a free acknowledgment of the assistance derived from 
.this sour^ is here offered. 
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Many of the ligures are original, some liave been 
taken, by the kind })einiissiou of J)r. Koenig, from bis 
Catalogue des Apjmreils d’ Aco^istiquc, the remainder are 
from well-known sources. 

In Appendix TV. a list of names of workers in 
tlieorcticiil or experimental Acoustics is gi\en, with 
dates of birth find death. Oidy in some such way as 
this can any idea of the perspective of things be 
gathered: it is avowedly im[>erfect, but to prepare .'an 
exact chronological table is impossible, and any more 
serious attempt appeju’ed not to be worth the extra 
trouble it would involve. 

The author is well aware that a book of this kind 
cannot be presented in its l)est or most permanent 
form at a first attempt, and will be glad to receive 
suggestions on any point from those engaged in 
teaching the subject. These will be carefully con- 
sidered if a second edition should be called for. 


Manchkstku, 2 iul 1897. 
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CIIAPTEE I 

SOUND 

Thk word Sound is used to express two different ideas : 
one the sensation of bearing, the other tlio cause of this 
sensation. In the science of Optics the corresponding ideas 
are denoted by the two words vision and light, but in 
Acoustics, when we wish to emphasise the distinction, wo 
are obliged to speak of the sensation or the source of sound 
respectively. 

Generally the latter meaning alone is intended, and 
often in the restricted sense of a musical sound as opposed 
to a noise. 

That a sounding body is in a st«ato of vibration may be 
proved in many ways : with a strefcHied string or a tuning- 
fork it is visible to the eye, but when the extent of 
vibration is very small it can still be detected by the touch 
or by its action on light bodies, such as gi'ains of sand, etc. 

Experiment I ^ 

To show the Symmetry of Vibration in a Body emitting 
ctMusml Sound 

Required . — A large evaporating basin, about half full 
of water ; rosined bow ; ethler. 

s. & G. Ill S B 



2 


I’RACTICAL ACOUSTICS 


CH. 


Let the Iwisin rest on a suita])le support, say a 
ring or an iron triqiHgle covered with cloth : draw a ho^ 
down the edge. If necessary, press the basin in the middle 
with a wooden rod to keep it st^dy. Observe that the sur^ 
face is thrown into a multitude of wavelets which spring from - , 
four cquidistiint points in the circumference. % forcible . 
bowing the water may be caused to spring up in drops, 
l)ut they are much more easily formed when ether is 
poured over the surface ; because this liquid is immiscible 
with water, and is not only considerably lighter than it, 
but has a smaller surface-tension. 

In other cases, also, the sounding body undergoes a 
symmetrical distortion, e.g. a bell, rod, or plate. 

For a sound to bo communicated to the ear some 
clastic medium is necessary, cither the air or a mass of 
wood, water, metal, etc., or some combi n.ation of those. 
The transmission is eftected by means of waves, the in- 
vestigation of whoso forms, velocities, superpositions, 
energy, etc., is a branch of Hydrodynamics, and is quite 
independent of the physiological and aesthetic aspects of 
the subject ; in other words, it is of no consd^^nce to the 
theory whether such waves excite the sensati^'^ hiring 
or not, still less whether they do so agreeabljswfr% 

As with other forms of energy, the ultimate det^l^of 
sound waves is to bo converted into heat. 

Experiment II 

To compare the Transmission of Sound in various Matends 

Required . — Rods of wood, metal, ebonite, glass, etc., 
a wax candle ; piece of rubber tubing ; about half a metre 
of fine wire ; tuning-fork. 

Place one end of each of these materials in contact 
with the ear; sound the tuning-fork (it should not bo 
struck on a hard surface) and press it on the other end. 
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the sound will he heard clearly, even at distances 
^li^e it is inaudible in air; with strin", paper, and 
similar substances this is,#- not the case until they arc 
-stretched. The experiment may be varied by pressing the 
fork oh one end of each rod in turn, while the other end 
is touching the resonance box. 

Observe if there is any difFcrenco between the con- 
ductivity of ,^a fine wire for the proper note of a fork and 
the jangling noise it gives out when struck with a hard 
body. 

Although a fork or a watch cannot bo heard beyond a 
short distance in air, it must not be concluded that air 
conducts so much worse than other substances, for when 
confined in a tube, so that the waves are prevented from 
spreading (as they are also in rods or wires), a low sound 
can be heard over a great distance, as in a speaking-tube. 
In general the conductivity is best in those materials in 
which the rate of propagation is greatest. Indiarubber 
conducts very badly : though commonly known as “ elastic ” 
its elasticit^^ is really very small, and the property it 
possesses' ia pp high a degree is quite a different one, viz. 
extfii6ib^llS& 


Expkriment III 
Condition through JFater 

Required . — Beaker of water; tuning-fork; small block 
of wood. 

Place the beaker on an uncovered table, rest one ear 
against it, and dip the shank of the vibrating fork in the 
water : it will be heard very faintly, if at all. Next dip a 
prong in and observe how much louder the sound becomes. 
Take a block of wood, small enough to go into the beaker, 
drill a hole in it to admit the stem of the fork, and repeat 
the experiment. The greater surface exposed now removes 
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the disadvantage attoching to a thin shank, and the sound 
is heard plainly. As before, it may be conducted to a reso- 
nance box by an obvious aiTangement. Other liquids may 
be sul:)stitutcd for water, and it is a simple variation to try 
an eflervcscing one by using dilute hydrochloric acid, and 
adding some carbonate of soda. 

Let a steady stream of Avatcr flow from tap upon the 
wooden block, and by putting the car to the supply pipe, 
find whether or not the sound is conducted upwards 
against the current. 


Experiment IV 

To show that Sound can he cut off hij an Obstacle 

Required, — Sheet of cardlmrd; watch; wide glass 
cylinder ; rubber tubing ; fish-tail flame. 

Hang the watch to a retort- stand or other support; 
hold the sheet of cardboard in a vertical position and move 
the ear to various points on the opposite side. It will be 
observed that a sound -shadow is produced, within which 
the ticks are inaudible. Now hold a book beyond the 
edge so as to reflect the waves into the ear : they will be 
heard once more. 

Lower the watch into the cylinder; it will be easily 
heard all round. Now let it rest on a coil of rubber 
tubing instead of on the glass, and the ticks can only be 
heard within a certain space round the top. It is of 
course notorious that ordinary sounds can pass round 
corners easily enough, but the waves excited by a watch 
being small and feeble, they are cut off as we have 
said. 

Place the watch on one side of a large fish-tail flame, 
and observe that the ticks are heard very indistinctly, if at 
all, on the other side. It may be necessary to put a cloth 
round the watch to deaden the sound slightly. 
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Experiment V 

To show that Sound cannot pass thmujh a Vacuum 

liequired. — Air-pump and receiver ; small loud -ticking 
clock ; <a cushion or coil of rubber tubing. 

Lay the clock on the non-conducting m.aterial and cover 
it with the receiver : it will probably be heard distinctly 
outside. Now exhaust the air: the ticks Avill become 
fainter, though audible to an car pressed against the glass. 
This result is due to the lessoned energy with which the 
sound waves strike against the glass. It is natural to 
infer that in a perfect vacuum no sound whatever could be 
heard. On readmitting air the oi'igiiial state of things is 
restored. The experiment was first performed by Boyle 
about 1 G 62 . 


Experiment VI 
Effect of admiitiwj Uydroijen 

liequired. — A hydrogen cylinder or largo apparatus for 
the supply of the gas ; air-pump, etc., as before. 

Turn off the stoixiock underneath the receiver to prevent 
loss by diffusion. Slide the receiver till it projects slightly 
over the edge; admit hydrogen rapidly through a tube 
reaching nearly to the top of the receiver, till it may bo 
considered full ; then restore it to its place. Although 
there is now not even a partial vacuum, the sound is 
practically extinguished, and exhausting the gas will pro- 
duce no appreciable difference. 

This phenomenon was known to Priestley, but remained 
long unex])laincd. It is due to the greater lightness and 
also to the mobility of hydrogen, by which a large 
vibrating surface can pass through it without exciting 
waves, the pressures being rapidly equalised by a flow on 
either side. So, also, a wire stretched between two 
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supports, but not over a resonance case, gives out little or 
no sound when plucked, because it slides through the air 
without disturbing it. On the other hand, it is scarcely 
possible to touch a tuning-fork so lightly as not to make it 
ring; here the broad surface, though perhaps not much 
greater than that of the wire, excites the air readily. 
Again, a very fine wire may be pulled rapidly across a 
surface of water and hardly disturb it at all, while a thick 
one sets up waves at every point. 

Experiment VII 

Production of a Vacuum hy Condensation 

Required. — Kound- bottomed flask; perforated rubber 
stopper ; glass tube drawn out 
at one end, and having a hole 
in the side as at A, Fig. 1 ; 
short rubber tube ; and a toy 
bell. 

Pour a little water in the flask, 
and arrange as in the figure. Boil 
the water till no air is left inside ; 
seal up the tube by holding it in a 
Bunsen flame, and allow to cool. 
On shaking the bell it cannot now 
be heard. Heat the water again 
and it is audible once more. Care 
must be taken to control the violent 
“bumping” which occurs even at 
a low temperature, owing to the 
strong adhesion of water and glass 
when no air is present. Alcohol 
may be used instead of water in the 
experiment : ammonia answers very well, but soon attacks 
the bell and turns blue by dissolving the copper. 
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Expkiiiment VllI 
Tmiwidsmn of Speech Ihroiojli Siring. 

Required. — Two shallow cardboard boxes and a length 
of string. 

Make a small hole in the bottom of each box, and tie a 
knot on the string so that it will not slip through. Stretch 
the string, which may bo 20 metres or more in length, and 
let one observer speak into his box while a second listens 
at the other end ; the sounds of the voice arc transmitted 
well enough to be recognised. The apparatus is called a 
string telephone. Iron or copper wire may also be used, 
but the bottom of the cup must then be of thin metal, to 
which the wire is soldered. 

Expp:rimknt IX 
Sonorousness of different Midermls 

Required. — Kods of steel, glass, aluminium, wood, etc.; 
also bell-shaped masses of these or other clastic substances. 

Hang up each mass by a thread and tiip it with a finger 
or a pencil. Notice the duration and loudness of the 
sound ; also that anything shaped like a bell rings much 
better than a block or even a straight bar. 

Aluminium, though noted for its sonorousness, has lately 
been found by Prof. Mayer ^ to be unsuitable for bells, 
tuning-forks, etc. It is very readily excited, and gives a 
louder sound than most other metals, but the duration is 
very short owing to imperfect ehisticity : its properties 
also vary too rapidly with the temperature for it to bo of 
much use. 

Experiment X 

Sound and Noise 

Retinired. — Sonometer; several organ pipes; tuning-fork ; 
ordinary hair comb ; piece of cardboard. 

» Phil. Mag. vol. xli. (1896). 
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Pluck the sonometer wire, and it gives a resonant sound 
of some .duration. Place two or three fingers so as to 
stop the wire immediately after plucking : no distinct 
musical sound wll now be heard, but only a noise. Organ 
pipes when blown of course give a continuous sound, but 
when topped it might hastily be concluded that they 
emitted nothing but a noise. On topping several, one 
after the other, it is quite evident, however, that each has 
a pitch of its own. To show that this is due to the air 
inside, fill a tube loosely with cotton wool, then whatever 
sound it gives on being topped is due to the wood or metal 
alone. Strike a tuning-fork in the ordinary way and it 
will give its particular note, but fcike hold of the prongs 
about half-way up and pluck it: no note can be dis- 
tinguished. Draw a card slowly over the teeth of a comb, 
the successive taps are heard as noises : draw it more and 
more quickly, and they blend into a sound which, if not 
exactly musical, is yet sufficiently so for a rise in pitch 
to be noticed as the speed is increased. 

We conclude, then, that a musical sound may be cut off 
so sharply as to strike the ear as a noise ; and, on the other 
hand, that a series of noise.?, if they follow each other 
rapidly enough, become musical. The ear is ever ready to 
detect harmony in the rustling of leaves or the sound of a 
waterfall on the same principle. 

The number of impulses necessary to give the sensation 
of a musical note is very small, five or even less being 
sufficient. 


Differences between Musical Sounds 

It is a matter of common experience that musical sounds 
may differ from each other in three ways, viz. in loud- 
ness, pitch, and quality. The first of these is duo to the 
extent of vibration, as is well shown by a tuning-fork, 
whoso tone becomes fainter as the swing of the prongs 
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diminishes. The manner in which intensity and amplitude ^ 
arc connected is explained on p. 140, It is hardly less 
obvious that the pitch of a note, i.e. its position in the 
musical scale, is governed by the rate of vibration, and 
lastly the qualiit/, or property by which wo distinguish the 
sounds of difterent instruments, depends on the nature of 
the waves they set up. A tuning-fork, for example, sets 
up waves of one kind, a .string waves of another kind, in 
an organ pipe they differ from l>oth, and so on. This 
subject is discussed more fully in the chapter on Harmonics 
(p. 150). 

^ Tuchuically tlic ainpliludc is halt the extent of swing. 
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NATURE OF WAVE-MOTION 

A WAVE is the usual means by which energy is transmitted 
from one point of an elastic medium to another. Thus 
when a stone is thrown into water, or a distended paper 
bag is burst by a blow, a disturbance is created which is 
propagated in circular or spherical waves to other points 
around. There is no transference of matter, for that 
would require a current. In a solid, such as a long bar of 
iron, a tap with a hammer at one end displaces the particles 
upon which the blow falls, and from them it is communi- 
cated to the adjacent particles in the form of a wave till 
it reaches the other end. If a ball wore hung by a 
thread so as just to touch the bar at this point, it would 
be knocked away even though the bar itself were firmly 
clamped. Some of the principles of wave -motion are dis- 
cussed from an elementary standpoint in Chapter IX., 
but we may remark here that the waves concerned in the 
propagation (not the production) of sound are essentially the 
same in all classes of media whether solid, liquid, or gaseous, 
and consist in a periodic condensation and dilatation of the 
particles. 

Experiment XI 
Progressive and Stationary IPaves 
Jiequired . — Two or three metres of rubber tubing or 
soft rope. 
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Hold one end in the hand while the other parts lie or 
the. floor. Shake it rapidly backwards and forwards : a 
series of progressive transverse waves is thus stit up, whose 
energy is lost in friction ; hence no motion is returned 
from the far end. Such waves are called “transverse,” 
because the movement of each particle is at right angles to 
the direction in which the wave is travelling. Observe 
that the more quickly the hand is moved, the shorter and 
more numerous are the waves, not because they are pro- 
pagated more quickly, but because there are more of them 
in the same space. Next let the other end be held by a 
companion, who also shakes it, so that impulses are sent 
in both directions at once while it is clear of the ground. 
At first the result will probably be confusion, but by a 
mutual agreement which soon automatically suggests itself, 
the whole tube is thrown into a regular oscillation, and 
illustrates what are called statmiary waves. In some of 
the succeeding experiments the production of these waves 
is the object in view, but it is not always obvious that 
a meeting of impulses from both ends is necessary. For 
example, hold the tube vertically at such a height that it 
docs not touch the ground, shako the upper end backwards 
and forwards : it is still possible to excite stationary waves. 
Here a reflection takes place from the free end (because 
the energy cannot escape), which is no less efficacious than 
if some one shook it. A stretched string or wire corre- 
sponds exactly to one or more sections of the tube, and its 
condition is maintained in the same way by the meeting of 
waves in opposite directions (see p. 96). 

Experiment XII 

Different Types of Waves. /. Transverse 

Required. — Helix of brass wire, and support for the 
same, about 2 m. from the ground. The following dimen- 
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sions are suggested, Imt need not be closely adhered to. 
The wire, No. 15 gauge, is 6 m. long, and is coiled round 
a tube 3 cm. in diameter, and adjusted to a length of 1-|- 
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metres. 

The coil being hung in a vertical position, take 
hold of the lower end, and give it a quick shake 
sideways : a ridge will then form, run rapidly up 
to the top, and be reflected down again. Observe 
that it comes down on the opposite, not on the 
same side, obeying the familiar law that the angle 
of incidence is equal to the angle of reflection. 
Also that when the coil is pulled out to a greater 
length, the velocity of propagation, which dci)onds 
on the elastic recovery of the wire, is much in- 
creased. When the lower end is held firmly, and 
the coil plucked, reflections take place in the same 
manner both above and below, but if it be not 
held, then the lower end sways from side to side, 
and a stationary point forms about a third or a 
fifth of the way up. By an instinctive motion of 
the hand, it is possible to keep the coil vibrating 
in one or in many sections as in Expt. XI. ; these 
as before are so many halves of a stationary 
transverse wave. When the hand is moved 
irregularly, the direct and reflected systems 
interfere with one another so that stationary 
waves are not set up. 

Two successive sections, or as we may term 
them, a ridge and a furrow, constitute a complete 
wave, just as a wave in water is composed of a 
crest and a trough. 

The stationary points are called nodes, the vibrat- 


ing portions loops, or ventral segments ; the middle of a lo(m 
is an antinode, because hero the excursions on either side 


are greatest, the converse of what takes place at a node. 
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The distonce between two consecutive nodes or antinodes 
is obviously half a wave-length. The time in seconds of 
a complete vibration to ami fro is known as the period^ and 
the number of vibrations in a second is the ftcquency, so 
that period and frequency arc reciprocals of one another. 
The displacement of an antinode from its initial position 
is the amplitude. It is clear that the moan velocity of each 
particle is proportional to its own amplitude. 


Experiment XIII 
Tijpea of JVavea. 11. Lmujitudmal 

Now give the coil a light but sudden push from beneath, 
so as to compress several of the rings together. This 
compression can bo seen to travel up and down as before, 
but when it reaches the bottom, this end sinks, and since 
there is no reaction such as takes place from a fi.ved end, 
the condensed pulse becomes a dilated one, and travels up 
and down as such. 

This illustrates longitudmil vibration, where the motion 
of each particle is to and fro in the direct ion in which the 
wave 48 travelling. By holding the lower end and moving 
it in accordance with the impulses received, a series of 
stationary longitudinal waves can be set up, in which the 
words node, antinode, period, etc., have the same general 
meaning as before. From a fixed end, whether aliove or 
below, a condensation is reflected as a condensation, and 
a dilatation as a dilatation, i.e. there is no change of 
type, but only of direction ; fi om a free end there is a 
change both of type and direction, ie. a condensation 
travelling downwards is reflected as a dilatation travel- 
upwards, and convcnsely. This is a very important 
^principle in connection with resonators and organ 
pipes. 
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» Experiment XIV 

Types of Torsiond 

Lastly, give the loweir end a sudden twist, so as either 
to tighten or slacken the coiling : a torsional yibratibn is 
now produced, and is reflected up and down ikfter the 
manner of the other two. 

In all these cases the movement is (at least approxi- 
mately) governed by a certain law, viz. that the force of 
restitution or recovery is ])roportional to the displace- 
ment, provided that the latter does not exceed a certain 
limit. Suppose, for instance, that a weight of 20 grs. 
lengthens the coil 2 cm., then 40 grs. will lengthen 
it 4 cm., and so on. This is the principle of the 
ordinary spring balance. Again, if it takes a certain force 
to twist the end of a coil so many degrees, twice that force 
■will twist it through double the number. Here we have 
the principle of the torsion balance, viz. that the angle of 
torsion is proportional to the force of torsion. Finally, if 
the middle of the coil be pulled aside while its ends are 
fixed, a similar relation holds. In all cases the motion is 
analogous to that of a simple pendulum, because here also 
within small limits the displacement is proportional to the 
force applied. The importance of this principle Avill be 
more evident when we come to deal with Harmonic 
Motion (Chapter IX.). 

A wire stretched between two supports, but not coiled, 
comports itself in the manner already described, but its 
vibrations are now very minute and rapid, so that only 
transverse vibrations are visible to the eye, but the longi- 
tudinal and even the torsional are capable of Jiifecting 
the ear. 

fFaves in Air 

The condition of the air under the influence of a simple 
sound-wave, ie, one produced by a pendular ^movement 



II NATURE OF WAVE-MOTION 16 

such as has been described, is analogous to the foregoing, 
but being a gas it can phly vibrate longitudinally. Yaria- 
tions of pressure take plaC#*lh it, and would fee capable of 
affecting a barometer if tney were^not too local and rapid. 
The condition of things is well illustrated by the following 
apparatuf. 

Crom's Dis& 

On a circular disc of cardboard' 31 cm, in diameter draw 
a circle 5 mm. in diameter concentric with the disc, and 
divide it into 12 equal parts. From one of these joints 
of division as centre dmw a circle of 7’o cm. radius, from 
the next point a circle of 7*8 cm. radius, and so on, adding 
3 mm. each time and going twice round so that there are 
24 circles in all, as shown in Fig. 3. Mount the disc on a 
multiplying wheel arrangement, and liold in front of it a 
piece of cardboard in which a narrow rectangular slit has 
been made. On viewing the circles through this hole, they 
alternately close up and recede fiom one another in the 
manner of air particles in a progressive wave. By reversing 
the direction of rotation, the movement takes place from 
without inwards. 


Free and Fmed Vihatiom 

A body which is in a state of vibration may continue 
to move in a natural period of its own, depending on 
some force of attraction or clastic recovery, as for instance 
a pendulum, a balanced compass needle, or a stretched 
wire set in vibration and left to itself, — or it may be 
obliged by external means to take up a vibration differing 
from this in form, or period, or both. In the former case 
its xi)>ration is said to be free, in the latter forced, A 
suc'(iS&ion of impulses given at the proper time, ie. at the 
njiddle of the swing, may, however, exactly supply the 
loss by friction or other resistance, so that the motion, 
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not move solely under the action of gravity, but slightly 
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quicker owing to the pressure of the pallets ; if these acted 
at the middle of the swing only, the oscilla- 
tion would be free and of exactly the same 
period; as they do not, it is slightly forced. 

The waves raised on water when a stone is 
dropped in are free, those excited by a gale 
are forced. Th^ vibration of a- tuning-fork 
when excited by an electro-magnet is forced, 
and the period is not quite, though very nearly, 
the same as if it were left to itself (see p. 79). 

Again, in a reed pipe, the air executes forced 
vibrations, being obliged to follow the motion 
of the reed. 


Experiment XV 


Illustvtttion of Forced Vibration 

Hang a weight — the heavier the better 
— to a wire or cord 1 m. long or more, 
and underneath it fasten a small one, say 
a bullet, by a flexible thread. Set the big 
weight swinging through a very small arc, 
and observe that the motion of the lower 
pendulum is quite difterent from what it would 
be under ordinary circumstances ; it is in fact 
a forced movement. Naturally the upper 
pendulum is also affected by ^e lower, but in 
a much less degree : it coih^ to yest much 
sooner than if the extra weight had been laid 
or rigidly fastened to it in any way. 
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TUB SONOMKTEli 

This is one of the most useful and valuable instruments 
in Acoustics ; it consists (see Fig. 5) of a wooden box rather 
more than a metre long, over which two wires are stretched 
between wrost-pins, as in a piano ; these can be turned in 
either direction by means of a tuning key. In the best 
instruments the pins arc prevented from tearing the wood 
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by a small jdate of brass, which is bored to receive them. 
A wooden bridge at each end defines the limits of vibration 
of the “ open ” wire, and through these, which are at nodal 
points, the sound is conveyed to the box. A small metal 
slide, provided with a notch, can be placed at any point, 
creating a node there without altering the tension. A 
triangular wooden prism is not quite so good. A brass 
pulley projecting over the end of the box is sometimes 
provided, over which a third wire can be stretched by 
means of weights ; but its rigidity or resistance to bonding 
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diminishes the tension by un unknown force, and it is 
better for numerical purposes to use a sprijig balance. 
There is usually a metre scale between the wooden bridges, 
but where accuracy is required, the lengths must be taken by 
a beam compass or trammels (Fig. 6). The use of this is 
almost obvious on inspection. Two blqnt steel needles may 
bo clamped anywhere on the wooden bar, and when they are 
separated to the required distance they are brought down 
on a metre scale, and the space between them is read off. 

The object of the box, which is sometimes dispensed 
with — though at a great .sacrifice of utility for anything 
like delicate effects — is to increase the intensity of the 
sound ; this it does both by exposing a large vibrating 
surface, and by confining a volume of air which, as in 
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stringed musical instruments in gen(!r.il, has a considerable 
range of sympathetic vibration. It is generally necessary 
to clamp the feet of the box on the table, or to place a 
thick piece of cloth underneath to pnwent jari’ing. 

The wires are excited either by drawing a resined bow 
across them, or by plucking with the fingers (see Appendix 
L), or occasionally by a blow with a padded hammer. 
For very delicate work the fingens must not be u.sed, owing 
to the warmth which they communiciite. 

The method of excitation with a bow depends on a 
well-know’n mechanical principle, viz. that the friction be- 
tween two bodies at rest is greater than when they are in 
relative motion. The resined hairs lay hold of the wire 
and pull it from its original position : a limit is shortly 
reached, and it si)rings back again, now passing the hairs 
freely according to what we have said ; the motion is then 
again reversed, and for an instant the bow and wire are 
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relatively stationary (though both actually in motion), the 
gri})j)ing now takes j)lace once more, ami so on. In 
precisely the same way, by hanging a small weight tied to 
a piece of thread, with a loop at the top which is passed 
round a glass tube (see Fig. 7), a pendulum motion may be 



got up by rotating the tube in one direction only, the 
friction as before being greater when the tube and loop are 
stationary with respect to one another, and less when 
there is relative movement, 

In whatever way a wire is excited, its motion is far 
from simple: it executes transverse vibrations of many 
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orders, and since it cannot l)e pnllcil out of the straight 
without also l)cing stretched, a hmgitudiiial motion is set 
up {Le. waves of compression and dilatation pass along it 
from end to end) and it also executes torsional vil»ra- 
tions. Exce])t with very thick wires, however, the latter 
give rise to no audible effect, nor do the longitudinal 
ones, at least not if the bow is drawn propei ly ; and of the 
transverse vibrations, that due to the backward and for- 
ward swing of the whole wire is in general much more })rO“ 
nounccd than any of the minor ones, aiul is called its funda- 
mental note. As to these minor motions, wo shall have 
more to say hereafter, but .some idea of their number can 
be gathered by .stretching a wire several metres long 
between two suitable support.^, and watching the w'ave.s 
which chase one another up and down when it is plucked. 

To hold an incandescent electric light bulb in the hand 
and watch the filament is also a u.seful les.son in the roHec- 
tion and sui)erposition of small waves. 


Experiment XVI 

of Ihe rUmttioii of a Slirtrheii Slriioj or Jf'ire 
I. Varintmi with L-nffik 

Jleqnired. — Sonometer with movable bridge or slide; 
resined bow ; several tuning forks of known rates of vibra- 
tion ; beam comj)ass ; metro scale. 

Tune one of the wires to the fork which gives the 
lowest note. To do thi.s, make a “rider” by folding a 
small rectangidar piece of paper into a V-shape, and put 
it on the middle of the wire. Adjust the tension till it 
falls off almost instantly when the shank of the (vibrating) 
fork is pressed on the bridge or the box itself. If the 
rider is merely agitated and not thrown off the unison is 
not perfect. Meiisure the length of the wire from end to 
end, and note it down. Next, leaving the tension un- 
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altered, move the bridge till the vibrating })ortion of the 
wire is in unison with the second lowest fork, as tested in 
the same way. Note the length and rate of vibration, or 
frequemy as it is usually called, and compare the results. 
This is best done on squared paper, as shown in Fig. 8. 
In an actual case the lengths of wire and corresponding 
frequencies were respectively as follows: 100 cm., 266: 
79 ’9 cm., 320 : 67'0 cm., 384 : 50*05 cm., 612. Dividing 



the lengths by 2 and tlie frequencies by 20 we obtain 
the points I, 11, III, IV, which approximately lie on a 
straight line. This shows that length and frequency vary 
inversely as one another. Dividing by any constant 
numbers, as we have done, merely alters the position and 
inclination of the line on the paper, and in no case 
does it alter its nature. Neither does it matter if the 
frequencies are set off horizontally and the lengths 
vertically. 

Wo may arrive at the stime result in another way. 

Observing that 320 : 256 = 5 : 4, while 79*9 : 100 = 4 : 5 
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nearly, the inverse varution is su.^^est od. ( 'alcnla(in^» 
what the longtlis shoultl he on this supposiiiitu, wo have 

Fjeiini'iicy. L.-ii-tli Kiivr. 

256 100 

^^20 70 '0 80 '00 - 'I cm. 

381 66 -O l 66*66 - *02 

512 50*05 50*00 ♦ o;, 

The determination is subject to the follow ini' sources of 
error : — 

I. Imperfect tuning. This with care need only ho very 
small. 

II. Error in estimating the length.s, oi* impi'rh'ct sto[)- 
ping hy the hridge.s. This (*an he reduced hy taking the 
mean of several determinations, and using bridges which 
are not too hlunt. 

III. Alteration.s of temperature. These, though simill, 
arc practically unavoidable. According to Sehcihh'r, “the 
string cannot be protected from tln^ warmth radiatetl by 
the oliscrvcr’s body, even when it i.s .so thoroughly covered 
that thei’c i.s only just space enough left for striking it. 
The string of a monoehord fnnn this (*ans(' does not 
remain for .‘10 .seconds at the .same pitch, hnt varies 
constantly hy j’(, to ^ of a douhle vibration.’' ^ 

The mathemjitieal formula which expresses the above 
and other relation.s is given after E.\j>t. XIX. 

Exi’KKIMKNT XVH 
II. Juiriafion icilh Tnision 

Piequired. — Sonometer; .spring l).alanee, re.ading to about 
25 lbs. 

The lialance is placed horizont;dly and is attached to 
one of the wires. It i.s hooked on to a s<;rew at the other 


* Quoted from Stone’s Soioul, j), 85. 
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end in the specially-arranged instrument ; and there is only 
one fixed 1>ridge. The tension is adjusted by turning the 
pin as usual. In the ordinary form of sonometer it will 
be advisable to place a block of wood containing an upright 
screw on one end of the box, thus prolonging the top to 
a convenient length. The tension will maintain it in 
position. Set the tension at say 20 lbs., measure the 
length of wire vibrating, tune the other wire to the same 
pitch, and keep it as a standard for all the experiments. 
Now lower the tension slightly, move the slide till the 
note is the same as before, read off the length, and con- 
tinue the operation a number of times. Since the note 
does not alter, we have only two quantities varying, viz. 
length and tension. According to theory I varies as the 
square root of r, or in a formula where c is a 

constant. We can eliminate c by taking two values 1, 1', 
and the corresponding tensions t and t ; we thus obtain 

7 ^ \/ 7 knowing any three of these quantities, 

we can calculate the fourth. 


The following are some results obtained : — 


Tension (lbs.) 


I. 


17‘60\ 

14-25j 


II. 

III. 


15-20\ 
13-75/ 
11-251 
10-75 
0-80 V 
8-0 
7-0 J 


Observed Length (cm.) Calculated Length. Error 


67*2 \ 
52-0 / 
67*2 \ 
64-7 / 
47-55' 
46-60 
44 -.50 - 
39-75 
37-35 


51-6 +-4 

54-34 +‘36 

46-46 +*14 

44-64 --14 

40-08 - ‘33 

37-47 - ‘12 


Nos. I., 11., and III. were of course tuned to different 
pitches. The first calculated length, 5T6, is 57‘2 
and the others are obtained similarly. ' It is impossible to 
get very good results with spring balances, as they do not 
read accurately enough. By hanging a wire vertically and 
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providing it with c'l sounding board at tlio top, and using 
precautions to cut off the vibrations sharply at definite 
points, several sources of error are eliminated, but for 
ordinary purposes such refinements are needless. 

If the results are plotted on squared papei- as before, 
the curve obtained is a parabola, showing that the ordinates 
vary as the squares of the abscissae, o!* iv'e irmi, according 
to the direction in which the tensions and lengths are 
set. 


Experiment XVIJI 
with Diameter 

Jkquired. — Three or four steel wires of different dia- 
meters, sonometer, etc., as before. An ordinary chemical 
balance will also be necessary. 

Take the thickest wire and stretch it between the 
spring balance and the opposite pin. The ends must be 
softened in a flame before they can be wrapped round 
tightly enough. Set the tension at 12 or 15 lbs., put the 
movable bridge or slide about half-way along, and measure 
the length by a beam compass. Bring the idle wire to 
unison with the other, and preserve it for a stomlard. 
Make a mark at each end of the experimental wire with a 
blunt knife, then release it, and substitute the next thickest 
wire. Using the same ten.sion as before, move the slide 
till both wires are in unison, mark the ends, and continue 
the same process as often as may be necessary. By having 
both tension and frequency con.stant, the only quantities 
varying are diameter and length. The former mu.st bo 
known while the wire is being stretched ; for this [)urj>oso 
wo cut each wire off at the marks, and weigh it. If wo 
call the length I, the radius r, and the weight W, we have 
weight = volume x density or W - irrH x A. For steel we 
may reckon A = 7-8, so that r = ^ = ’202 
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A comparison of r and I in several cases should show 
that they vary inversely as one another, or that their 
product is a constant. 

— 


Diametora (calculated). 

LeiisUi (observed). 

Troduefc, 

■01 .51 cm. 

30-1 

59-04 

•01 :u 

44-4 

.58 -IG 

•0102 

57 -.5 

58 -0.5 


Experiment XIX 
Variation with Density 

Required . — Wires of steel, copper, platinum, etc.; sono- 
meter as before. 

As in the preceding experiment keep the tension and 
frequency constant. The products of the length and 
diameter, which were then constant, now vary inversely 
as the square roots of the densities. The latter may be 
found from a table, and compared with the experimental 
results. 

The above relations are explained as follows. Accord- 
ing to theory the velocity of propagation of transverse 
waves in a wire whose tension is t grammes is v = 
where m is the mass in grammes of 1 cm. of the wire, and 
g is the multiplier necessary to convert grammes into 
dynes: numerically it is about 981 for our latitude. 
Now if the radius of a wire be r, and its density A, then 
the weight of 1 cm., which we have called m, is irr^A. 
Substituting, we get 

the wire, vibrating in its simplest mode, has a node at 
each end, henep it is half as long as the wave ; and further, 
the number of waves (n) multiplied by the length of each 
{21) is equal to the velocity, because a wave-length 
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is the distance traversed in the time of a complete 
period (a io-aid-iro oscillation). Wo thus liave 27U-V, 
and from the previous equation by substitution, 

2rl^/ irA' 

We may now read off the following laws (noticing that 
when a quantity is in the denominator on the right-hand 
side it varies inversely as n, and so on). 

The number of vibrations is — 

1. Inversely as the length of the wire. 

II. Inversely as the diameter or radius. 

III. Directly as the square root of the tension. 

IV. Inversely as the square root of the density. 

It also varies directly as the square root of the 
force of gravity, but this is commonly left out of 
account. 

It is worth noting that the velocity of transverse waves 
is theoretically the same as that which a body would have 
after falling freely through a height equal to half the 
tension length, ie. the length of wire which by its weight 
alone would produce the actual tension. For 7a having 
the same signification as before, the length of wire weighing 
1 gr. is “ centimetres, so tlia/t t grs. occupy centimetres. 
Now the velocity of a body after falling through a height s 
is v = Putting for s, wo have v = 

A similar expression gives the velocity in air or any 
other medium, solid or liquid (see Chapter XL). 

The laws just enunciated were published by Father 
Mersenne (see p. 211) in his llarrmtiie IPniverselle (Paris, 
1631), and are called by his name. As much, though 
by no means all, of the development of Acoustics is the 
work of this century, it will be seen that he was one 
of the earliest pioneers. 
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Experiment XX 
Verification of the Fmiimh n = ^ 


Required. — Sonometer, tuning-fork of known frequency, 
beam compass, spring balance, etc. 

Tune a wire to unison with the fork, keeping it stretched 
by the spring balance, observe both length and tension. 
Make a mark on each end of the wire with a blunt knife : 
now release it altogether and cut it oiF at the marks. 
Weigh this portion, and divide by its length as measured 
hefare release ; we thus get the quantity m or the mass of 
1 cm. Substitute in the formula and calculate the value 
of n. 

Example. — A wire 57*5 cm. long under a tension of 
24*0 lbs ( = 24 X 454 grammes) was found to be in tune 
with a certain fork. When cut off, the wire weighed 
*720 grs. 

Here 

57*5 

and 


__l_ /2ixm 
’^“2x57*5’^ V ” -om 


- = 264 nearly. 


The fork was marked 256. 


Ijongiludinid Vibrations 

These are of importance in connection with the velocity 
of sound, and are dealt with in Chapter XL To excite 
them, rub a wire in the direction of its length with a resined 
rag, a wave-motion is then set up resembling that in the 
wire helix, Expt. XIII., when suddenly pulled and let go, 
but the note is much higher than in the previouVease, and 
is independent of the tension. 
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7W.<h)uil Vilmitiom 

These are not made use of in music, hut are of theo- 
retical interest. Their velocity is given by the formula 

»= \/i is the coefficient of simple rigidity, or the 

ratio of shearing stress to shearing strain, and A the density 
(see voL i. pp. 164, etc.). 

vSome values of K and A for ilitlercnt materials are given 
below — 



R 

A 

brass 

. 3*14 to 4'03 X 10” ilyiies 

8-38 

Stool . 

, 8-19 X 10” 

7 '8 

Copper . 

. 4*4 to 4-47 X 10” 

8’8 


Wo shall see later (p. 127) that the velocity of longi- 
tudinal vibrations in a solid is where K is Young’s 
modulus of elasticity, hence by division, velocity of torsional 
vibrations : velocity of longitudinal = Vli : v^K. When 
the values of R and E are substituted this ratio becomes 
approximately 'G : 1, or what comes to the same thing, the 
note emitted by the latter is about a major sixth above 
the former. 

M. Cornu has lately devised a means of making torsional 
vibrations evident.^ 

The ap])aratus consists of a sonometer wire, a lantern, a 
mirror fixed so as to reflect a beam of light at right angles 
to the wire, and a small light mirror stuck on the 
wire itself, close to one end. The wire is bowed at 
the other end, and vibrates transversely as usual, thereby 
altering the aspect of the mirror, and making a spot of 
light move sideways on a screen. But it also describes 
part of a revolution backwards and forwards as well, thus 
causing an up-and-down motion of the light. Under the 


^ Comptes licTtdus, vol. exxi. p. 281 (1895). 
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two influences a curve is traced out resembling that in 
Fig. 9. 



The following additional experiments with a sonometer 
should be performed. A few paper riders, a bow, tuning- 
fork, and short piece of thin wire are required. 


Experiment XXI 

Let one of the wires give out any convenient note and 
gradually bring the other to unison with it. When this is 
nearly accomplished, observe that cither of them, when 
plucked, will excite the other. At first the ends become 
shadowy, and a slight tremor can be observed in the 
middle ; but with each successive approximation the vibra- 
tion is more and more taken up, the amplitude alternately 
rising to a maximum and falling away to nothing until they 
are exactly in unison, then they continue vibrating together. 
This is a very delicate and reliable method, which is 
independent of the ear. Even when they are precisely in 
aceprd, the amplitudes fluctuate a little, because each 
wire alternately acquires energy at the expense of the 
other. 

The phenomenon of beats (see Chapter XVI.) is also 
very noticeable here. 
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EXPKniMKNT XX 11 

Draw a bow across the wire at its middle jioint; no 
sound except a screeeli can l)e eliciteil. 'This at first sight 
appears very reinarkalde, beeanso when pinekod at this 
point it sounds readily enough ; it means that a wire is 
incapable of giving its fundamental or lowest note when 
a bow is urging it, unless this note is accompanied by the 
upper octave ; now this r(‘<piires a node at the middle, 
which is incompatible with the conditions, for w’c find that 
at whatever point a wire is bowed, an antinode forms there 
(see p. 152). 

The observation W'as first recorded by Delezcnno in 

1842. 


Kxi’kuimknt XXIII 

PlactJ three or four paper ri<l<;rs upon the wire at 
difl'ereiit points and touch it gently w'ith the bow : they all 
instantly fall off. Lay a feather lightly on the middle, 
and hang two or three riders on one half w’hilc the other 
half is bowed ; again they arc thrown oil'. A nodal point 
is formed Avherc the feather lies, but as it is not in any way 
fixed the motion is easily communicated through it. 

Damp the 'wire at J of the length from one end, 
let one rider occupy the fj position while the others lie 
anywhere along it, now bow the shorter portion. All 
of them will be urdiorsed except that at the point of 
trisection. Here three equal vibrating si^gments arc formed, 
separated by two nodes. Similarly, four or more sogmente 
ciin be obtained, according to the thinnes.s of the wire. 
Observe that this result depends on the formation of sta- 
tionary waves, as in Expt. XII. p. 11. Afany of the minor 
waves are present even when tlic ware is giving its funda- 
mental note (see Chapter XlV.b 
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Experiment XXIV 

Make a small ring of thin wire in the shape of a figure of 
8, let it hang near the middle of the sonometer wire and 
pluck it : the ring will he observed to rotate first in one 
direction and then in the other, showing that vibrations of 
a torsional character are present. 

Experiment XXV 
Instautmmus Views of a ViJmitmg Wire 

Jtequired . — Battery or dynamo ; induction coil ; Leyden 
jar; sonometer with a bright object, such as a bit of 
broken glass bead, fastened on one of the wires at the 
centre ; the whole to be in a dark room. 

Make the usual electrical connections and place the jar 
in the secondary circuit so as to make the sparks denser 
and brighter. Adjust the tension of the wire till it per- 
forms a double oscillation in the interval between the 
sparks: when this happens the bright spot will appear 
stationary for several seconds, but changes its position by 
degrees. Now tighten or slacken the wire very slightly, 
and it will be seen to move slowly from one side to the 
other, because it is visible at different points of the swing 
instead of always at the same one. When the frequency 
of the wire is half that of the sparks, two views of each 
swing are presented, and so on, and if the amplitude be 
considerable some curious appearances are observable. 

Another variation in the experiment consists in illumi- 
nating the wire by flashes of light from a lantern, the 
interruptions being caused by a revolving wheel with radial 
slits in it. In this way the rapidity of the flashes is 
capable of wide variation, and the amount of light much 
greater, but it is more adapted for lecture purposes.^ 

^ Tor further experiments with a sonometer sec pp. 135, 145, etc. 
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In its wider sense resonance means any augmentation of 
sontid, such as is produced when the shank of a tuning- 
fork is pressed on a board ; the latter tlion becomes an 
independent vsourcc of sound, and is conseipicntJy a re- 
sonator. But a more restricted meaning is usually 
intended, viz. when a volume of air or other gas con- 
tained in a cavity vibrates in sympathy with a certain 
note or range of notes. The effect is easily noticed 
on ])onding down over a fairly deep ]>owl and speak- 
ing into it : a jmsition is soon found where the voice, 
which may have to be altered in pitch, rings out with 
great power. In a room of whatever size, tin: air has 
a particular rate of vibration, which it takuis up by 
preference, and any one singing or speaking on this note 
is more audible in every part, and needs to exert less 
effort to bo heard, than if his voice is pitched above or 
below it. 

In stritiged instruments of music re.sonance is al^solutcly 
necessary to augment their tone. In a piano the wires art; 
stretched over a broad surface of fir-wood; in a harp, 
violin, ’cello, etc., the resonator is a box with thin walls, 
and so on. Tuning-forks for acoustical purposes arc 
screwed on to an oi)en rectangular box, whose purpose is 
to act as a resonator (see p. 64). 
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The following arc some illustrations of the principles 
under consideration. 

Expkkimknt XXVI 

Take a deep glass cylinder, such as is used for collecting 
gases, and let water pour into it from a tap. Amid the 
noise of ,s})laslics it is fpiitc easy to recognise a note winch 
rises in ])itch as the unfdlcd portion gets shorter. The 
How n)ay be stopped at a certain point, and the accuracy of 
the cal' tested by trying whether the jar will resound to a 
fork whose pitch it was judged to attain during the filling. 

Expkrimknt XXVll 

Hold a tunirjg-fork to the mouth, adjust the ai)erluni of 
the lips and size of the cavity till the maximnm ellect is 
obtained. Here the mouth is an independent soui'ce of 
sound. Try to use the voice while maintaining everything 
in its i)r(iscnt state : it will be found either that a certain 
vowel only can be uttered, or perhaps that it is impossible 
to bring out any note at all. 

Expkrimknt XXVIII 

licqulral — Cylindrical glass jar ; piece of card ; several 
tuning-forks ; ether. 

Sound a fork and hold it over the empty jar (sec Fig. 
11); probably there will be little or no change in the 
intensity. Pour in a little water and test it again : if an 
augmentation is noticed, keep on adding Avatcr till the 
effect is a maximum. It may be that the jar was too short 
originally, in that case the aperture must be shaded with a 
card. Now use another fork : it will be found that a fresh 
adjustment is necessary. Pour in a few drops of ether : 
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tho resonance is destroyed ; but on adding a little water it 
is restored once more. 

Blow across the aperture of the jar : if not too wide it 
gives a note nearly the same as that which it reinforces. 

Hold an empty jar close to tho car, it seems full of 
sound, every footstep or clatter excites a responsive echo in 
it, and if its own note be struck forcibly on a sonometer 
or jiiano, the eirect on the car is somewhat violent. The 
other ear should be stopped with a finger meanwhile. 

A jar once tuned to a note may be kept constantly 
ready by pouring in melted parafiin to the proper depth 
instead of water. 


Experiment XXIX 

To measure the Length of a liesonatmg Column 

Hequired . — Apparatus shown in Fig. 10. It consists of a 
wooden base and standard, tho latter supporting a tube T, 
aliout 20 cm. by 2J or 3 cm., and open at both ends. 
This tu])o can be lowered to any roipiircd depth into a 
somewhat wider cylinder 0, which is nearly full of water, 
thereby converting it into a stopped pipe of varial>le 
length. T is another tube of smaller dimensions to be 
used instead of T, and several tuning-forks of known 
frc(|uency should be provided. 

Strike one of the fork.s, hold it as shown at F, and 
adjust the level of water in T till tho greatest reinforcement 
is obtiiincd ; mciisure the distance from the top to the water 
level, add on ’8 of the radius (because the efleetive length 
is to this extent greater than the actual one), take the 
mean of a number of such measures and call it /. Wo 
thus get the di.st^uice between a no<le and an antinode, 
or j of a wave-length. This is connected with the 
velocity of sound by the relation v ~ \nl^ where n is the 
frecpicncy. Comiwre the result with that obtained by 
^ dividing n into r, which is assumed to be known. 
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The following is a specimen of a result : — 

Frequency 288, length of resonating column (4 observa- 
tions) 28*3, 28‘6, 28*2, 28'G ; mcan = 28*47 cm. 

Diameter of tube 2*2 cm., 
correction (*8r) *88 cm. Add- 
ing thi.s, the effective length is 
29*35 cm. 

Velocity of sound 33,000 
cm. per second ; temperature 
in tube 14*3'" (J. ; correction 
for 1” = 60 cm. })er second. 
Hence velocity at 1 4 *3° = 33000 
-h 60 X 14*3 = 33858. 

Dividing by the frccpiency 
(288) gives for the wave-length 
117*56, but this is four times 
that of the pipe, as explained 
al)Ovc, so that the latter should 
bo 29*39, whereas it was found 
to be 29*35. 

The error then is *04 cm. 

To make a refined experiment 
the effect of humidity in the 
tube, making the air lighter and 
thus increasing the wave-length, 
must be allowed for. The rate of 
the fork must be checked by comparison with a pendulum 
(see }). 7 6), and a correction applied for the temperature, 
equal to about *00011 of a vibration for each degree C., 
to be subtracted for an increase and added for a decrease, 
reckoning from its temperature while being rated. A 
very minute amount of flattening also takes place owing 
to the open end being shaded while the fork is held over it, 
but this may bo neglected (see also p. 132). The sources 
of error are, first, that it is at all times difficult to deter- 
mine a maximum ; far better results can be obtained in 
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“ null ” methods, ?>. when some eflect is reduced to zero, 
but these are for the most part impraeticaltle in aeoustics; 
and secondly, the correction is only an approximation ; 
it probably has a special value for every diantch'r (»f tube, 
and according to some determinations, it should be (ir and 
not 'Sr. 

ExfKRIMKNT XXX 

Procure an open tube of the same diaineter as the one 
just employed, and nearly twice as long. Provide it with 
a slide made of stout drawing ])a]>er, so that it can be 
lengthetmd if necessary. Hold the fork in position, and 
measure the h'ligth which gives the maximum resonam-e. 
In theory it should Ik* twice as long as before, because it 
is now e»{uivalent to two such tubes placed end tt) end. 
In practice it is rather more, the precise cojiditions assumed 
by theory not being fulfilled. 

(if flir — Let Al>, f'ig. 11, be a 

cylinder containing a wire helix fixed at !> ; press the toj)- 
most coil with the finger, 
and wait for the nattiral 
period of recovery of the 
wire, then tiim* the im- 
jmlses so as to augment 
the motion. If thi.s i>e 
not done there are fre- 
rpient interruptiems to 
the regularity of vibra- 
tion, Now remove the 
heli-x and place a ttining- 
fork at the mouth instead. 

Then if the length be 
properly chosen, the air Fm. ii. 

becomes alternately con- 
densed and rarefied in much the same way, and it is easy 
to see that were the jar too short or too long, the air 
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pulses would arrive too soon or too late for the fork, and 
they would conflict with one another. 

When the two arc in accord, however, a much larger 
volume of air than the unaided prongs could aflcct is set 
into sympathetic vibration, hence the increase in loud- 
ness. The energy necessary for this is taken from the 
fork, which therefore comes to rest sooner than if free. 

The whole cfTect, though involved in what has been 
said, needs further elucidating. We have seen that from the 
fixed end of a coil, and the siime is true of a column of air, 
a condensation or a rarefaction is reflected without change 
of type, while from the open end there is such a change. 
Before a complete cycle has elapsed then, ie. before a 
compression travelling downwards is followed by the next 
compression in the same direction, the four following 
changes have to be executed : — I. The compression reaches 
the bottom. II. It is reflected upwards as a compression, 

III. From the upper open end it returns as a rarefaction. 

IV. This rarefaction is reflected as such from the bottom. 
Lastly, it is sent down as a compression and the cycle is 
repeated. No. I. coincides with the downward swing of 
the fork, No. III. with the upward, and so on. Hence 
the length has to be traversed four times in the time 
of a complete period (a to -and -fro vibration) of the 
fork. 

In a tube open at both ends a compression at one 
end is returned as a rarefaction from the other ; this at the 
next reflection becomes a condensation again, and so on. 
Hence the length of the pipe has oidy to be traversed 
twice, but to compensate for this it is twice as long. 

It is hardly necessary to remark that, although a very 
long tube does not act as a resonator, it conveys sound well 
enough, as in a speaking-tube ; reflections take place from 
each end in the usual way, but they are extinguished by 
friction against the walls, and by meeting impulses of 
superior power. 
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For acoustical purposes, rcsoiuitors of tliiii brass, spheri 
cal or cylindrical, arc employed (Fig. 1 2). They arc 
provided with two holes, the wider to catch the sound, 
the other to lead it to the car. The dianicters vary 
between loj cm. and 4J cm.; smaller ones are of no 
use. Such re, senators have a very small range, and are 
employed to ]iick out a note from a coni[K)site sound, by 
reinforcing it at the expense of the others, d'he walls, if 



Fio. 12. 


thin, are thrown into vibration, tliu.s enabling a resonance 
to be felt as it were. J>y shading the aperture slightly, 
the proper note of a resonator is lowered, because tlie 
inertia of the external air ha.s less etleet upon it ; if a 
slight sharpening is recpiircd, j)ut in a little melted wa.x, 
and rotate it so that it lies uniformly inside. In order 
to use a resonator etiectively no sound must reach the car 
c.xcept through the instrument itself : for this a short 
rubber tube, with a nipple at the end, may be employed. 
The other car must be closed entirely. The shape of 
the enclosed air, so long as its volume remains the same, 
has little influence, for if a glass flask be tuned to a fork 
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by pouring water in, it may be tilted without altering the 
result, Nor docs the shape of the aperture make any 
difVercnce if its area is unaltered. 

The smalhii- hole must in all cases be stopped, or the 
resonance is veiy much weakened. When applied to the 
ear, the drumskin acts as a sto]). A cardboard resonator 
maybe made without much difficulty, shaped as in Fig. 13. 

The dimensions within wide 
limits are immaterial, as the size 
of the aperture is a controlling 
factor, and this can be varied 
afterwards. A short tube may 
be fastened on as shown, the 
cflect being to make the pitch 
flatter, while enlarging the hole makes it sharper. The 
cylinder is conveniently made in two parts, one of which 
slides into the other like the draw-tube of a telescope ; it 
can then be used for several notes, while the aperture is 
left constant. 



Experiment XXXI 
To detect llesonance by a Mechanical Effect 

lieqiiired. — llcsonatoi*, and fork to correspond ; thin 
copper foil ; fine thread ; wax. 

Idacc the resonator with its aperture in a vertical plane, 
and close up the smaller end. Cut out a circular or rect- 
angular i)iecc of foil somewhat less in area than the 
aperture : hang it by a thread just in front, and at right 
angles to it. Now strike the fork : the disc will im- 
mediately set itself in the plane of the aperture, so 
as to close it as far as possible. This is because the 
mean pressure inside is greater than it is outside, and 
a slight current is set up, causing the disc to place itself 
in the manner indicated. Similarly, when a coin is 
thrown into water it falls in a horizontal position, though 
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not without swaying from side to side. The method 
described may be made of any degree of sensitive- 
ness by using a small silvered glass disc, from which 
a beam of light is reflected on to a scal(>. (See a pajH'r 
by Professor Vernon Poys, Naliire, vol. xlii. [). 004, 
1890.) 

Experiment XXXII 
The Phimidomtpe 

Required . — Glass cylinder ; tuning fol k ; .soap solution. 

Make the cylinder resound to the fork as u.sn/il : drau' 
a glass rod, ]»reviously dipped in the solution, over its 
mouth so as to stretch a film over it. Now, on striking 
the folk, and looking at the film by reflection, it is seen 
covered with wrinkles: the play gf colours superadded 
makes the efl'ect very beautiful. The c.\periment in its 
most improved form is due to Mr. Sedley Taylor,^ though 
it had been suggested by Helmholtz. 

Experiment XXXIII 
Acoustic Repulsion and Atlraciimi 

Required . — Resonator and fork of the same pitch, wax 
candle, narrow strip of wood, pin, and counterweight. 

Set up the apparatus as in Fig. 14. The candle is 
inverted and fixed in an upright position, a pin is pressed 
into it while warm, and held till it is set. The wooden 
strip is bent while being held over a flame, and kee})s its 
shape on cooling. Fasten the resonator to one end, and 
put a counterpoise on the other ; balance the whole arrange- 
ment as shown. Now, on holding a fork in the proper 
position, a rotation is set up in the direction of the arrow. 
It is due to the reaction of the current which i.ssucs from 


Proc. liny. Soc. 1878, 
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the aperture as in Expt. XX XL When the fork is held 
close to the opposite end, or even to a sus})cnded rectanj^le 
of pa})er, there is attraction instead of repulsion. The 
mathematical theory of both ellects is given in Lord 



Rayleigh’s Tliemj of Sound, vol. ii. p. 42. They were noticed 
almost simultaneously by Professors Mayer of Hoboken 
and Dvorak of Agram. An acoustic reacHon-mili is some- 
times used, identical in principle with the above, but con- 
taining lour resonators suspended to a cross-i)icce, and 
balanced on a steel point.^ 

Experiment XXXIV 
The AcousHc Feiululnm 

Fieqnired . — Small brass ring, such as is used for a read- 
ing-glass ; tissue paper or goldbeaters’ skin ; small ball of 
wax hung by silk thread. 

Stretch a sheet of tissue paper or goldbeaters’ skin over 

^ For lljoi'kiiea’ experiments on the attraction and repulsion of 
vibrating bodies, see Nature, 8th June 1882. 
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the ring, and from the rim hang a small ball of wax by a 
fine thread so that it reaches to the middle. This instru- 
ment is called an acoustic pendulum. When provided 
with a resonating cup its efficacy i.s increased, the ball 
being constantly knoclvcd about with greater or leas degrees 
of force. It can be used for exploring the wave systems 
between a source of sound and a vertical wall : Mt is 
quiescent at a node, but agitated at an antiiiode. The ear, 
on the other hand, which oidy receives impressions from 
one side, hears nothing at an antinodc, but does at a node. 

A body whoso vibrations are soon damped will resound 
to almost any note, but when they are prolonged for a 
considerable time, as is the case with a tuning-fork, the 
least deviation dcsti’oys the effect. 

‘ This wa.s done hy N. Savart, who used it in conjuiuition with a 
large organ piiK! to find the positions of tin; nodes and antinodos (see 
p. 165). 



OlIAPTEK V 

DETERMINATION OF FREQUENCY 

Experiment XXXV (Method II) 

One method has already been described (sec ]). 28). 

Itequired. — Tuning-fork, whose rate is to be measured ; 
rectangular steel strip, about .‘10 cm. l>y 2 cm., thin enougli 
to bo readily flexible ; vice. 

Clamp the strip vertically in the vice, and set it 
^’ibrating, Adjust the length till it makes 5 double 
vibrations in a second. This can be done with fair 
accuracy by comparison with a clock beating seconds, or 
even a watch. Measure the length (L) of the vibrating 
portion. Now shorten it till it gives the same note as the 
fork call this length 1. Then, the ratio of vibration being 
inversely as the squares of the lengths, we have n (the 
frequency required) = 5 x No great accuracy can bo 
expected from this method, but the mean of several trials 
will give a fair approximation. It was employed by 
Chladni in the construction of a tonometer. 

Example . — 

Length of strip vibrating 5 times per second, 16 “22 cm. 

,, ,, ,, in unison with fork, 370 ,, 

= iastoad of 256. 
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Experiment XXXVI (Mkthod III) 
ll&i wired. — Sa Viirt’s wheel . 

This instrument 2 )()sscsses historic interest, but is now 
little used, except for qualitative ex]3crimeuts. A toothed 
wheel is made to revolve at any required si)eed by a multi- 
})lying {irraMgcment, and a card is held against the teeth. 
The taps are heard separately Avhen it revolves slo\vly, 
but l)lcnd into a continuous note as the speed increases. 
To make a determination, the rate must be run iij) till the 
note is the same as that of a fork or organ pipe, and main- 
tained at this point for a given time. Then the number 
of teeth in the wheel multiplied by the number of rota- 
tions, and divided by the time in seconds, will give the 
required frequency. The sources of error are numerous, 
and far more accurate determinations can bo made in other 
ways. 


Experiment XXXVII (Method IV) 
lleijuired. — Sonometer, 

Make one wire give out the note whose frequency is to 
l)e determined, and measure its length. Cause the other 
wire to vibrate 5 times i)er second faster ; this can be 
done with great accuracy by tightening it slightly after 
unison is reached, and cjuising the beats to attain this rate 
(5 per second). Now shorten the first wire till it is exactly 
in tune with the other (leaving the tension unaltered), and 
fueasure it again. Let and L be the lengths, then the 
frequencies are a and + 5 res^icctively. By Mersenne s 
first law, , from which n = . 

’ 71+& ti ’ h-h 

The theory of this method is unobjectionable, but in 
practice the lengths and cannot be found with suflicient 
iccuracy to make it reliable. 
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Exi’kriment XXXVIII (Mktjiod V) 

Jifquired . — Siren and bellows ; chronometer or stop- 
watch j tnning-foi’k ; bow. 

Tkiimplkm of ihc indmment . — A perforated metal disc, 
about G cm. diameter (Figs. 15 and 16), revolves on a 
vertical axis between two supports. It is pierced with a 
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numljci- of holes (20 in the figure), which are ecpially spaced, 
not parallel to one another, but equally oblique to the axis ; 
underneath it lies the cover of the wind-chest (cut open 
in Fig. 16), in which there arc the same number of holes, 
slanting the opposite way. Air is forced through from a 
bellows, and can only escape when the two sets of holes 
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are opposite one another. The reaction due to the slant- 
ing sets 11 )) a rotation as shown hy tlie arrow : ( oiiseijnenlly 
the air issues in j)ufrs at a rate de{)eiuliug on ihc nuinlter 
of turns {)er second. This i.s registered hy a counting 
gear, consisting of a worm and worm-wlieel which can he. 
tlii'own into or out of action hy pressing a hut ton. 'I’in' 
riglit-haml dial (Fig. In) registers single revolutions, the 
left one hundreds of revolutions. 

To mahe a determination, two ohservei’s are necessary, 
one to work the hellow.s and atteml to the tuning, the 
other to set the counting gear in action and take the 
time. 

It is of great advantage to have a sustained sound foi- 
comparison, such as a singing flame (s(*e )>. 17S) brought 
to unison with the note to ho tested. A tuning-fork may 
also he enpdoyed, hut retjuires exciting at intervals. 

Having arranged that both needles j)oint to zero, draw 
the w'orm-wheel aside .so that it no longer gj-ars with the 
worm, and work the bellows. At first n succession of 
])ufls is heard, hut the.se soon blend into a continuous 
sound, which gets louder as the rate is incn'ased. As it 
a|)i)r()ache.s the note under examination, tlni usual heats 
arc heard, and jirohahly it would give at least as accurate 
a result if they ’were attended to and ke|»t constant instead 
of the unison. It is more usual, however, to bring the 
notes together, the heats then disap))earing entirely, and 
at a suitable moment the counting gear is started and 
maintained in action for a minute or some such interval, 
then thrown out again. Say the dials legistiw (Sog re\'o 
lutions in GO seconds, ami that there are liO holes in 
the disc, then the number of pulls i)er second is 

284. If there were only one hole in the lower disc, it 
would not affect the pitch, hut it would make the intensity 
very much less. 

The determination is liable to several sources of error. 
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The noise made by the bellows and the effort of work- 
ing them distract the mind somewhat, so that it is difficult 
to maintain a unison during the whole interval. This 
difficulty is aggravated by the tendency of the disc to 
accelerate, so that if a constant pressure of air is main- 
tained, it docs not give a constant note. In an improved 
form of the instrument, first used by Helmholtz, and now 
procurable, the holes in both di.scs arc upright, and the 
rotation is kept uj) by a motor ; in this way a very accurate 
determination may be made. 

In practice, oidy tuning-forLs require to have their 
frequencies known very exactly, notes on other instru- 
ments being determined by comparison with these. 

IldmJioUz Sireu (Fig. 17). — This iihstrumcnt may be 
described here, but its principal use is rather to illustrate 
some of the principles of harmony, interference, etc., than 
for determining frequency. 

It contains two revolving discs, one at each end of the 
axle (only the lower is eximsed in the figure) ; both arc 
pierced with four rows of holes, viz. 8, 10, 12, 18 in the 
lowei', 9, 12, 15, 16 in the uj)per. Wind is admitted 
through the lai'ge supply-tubes, but all or any of the rows 
of holes may be opened or shut at pleasui’e by pins. The 
boxes shown at the side arc simply hollow cylinders of 
brass intended to reinforce the prime tone at tlie expense 
of the upper jxirtials. On the middle of the axis a screw 
thread is turned for the purpose of working the counting 
gear. The revolving discs move immediately over or under 
a fixed disc as in the ordinary instrument, but before reach- 
ing either of these the air has to pass through another set 
of holes conUiincd in flat ring.s, of which there are eight in 
all (four to each disc), any one of which can be moved 
through a small angle by pushing the })in in connection 
with it. The first pin on the right, whether above or 
below, controls the outermost ring, as will be evident from 
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the figure, and the fourth one the innermost. In its 
onlinaiy position the holes in any ring do not coincide 
with those in the fixed disc, so tliat no sound is produced 
till at least one pin is pushed in, hut when this is the case 
the air finds no obstacle till it meets the movable disc, 



Fig. ir. 


then it issues in puffs as usual. A handle shown above 
the cross-bai* turns a cog-wheel gearing with another one 
on the top of the upper box, and causes what has hitherto 
been called a “fixed” disc to revolve with one-third of the 
speed of the handle as nieiisured by the pointer. V>y this 
means additional powers are conferred upon the instrument. 
Suppose we wish the ])ufis of the lower disc to altei nate 
VOL. Ill E 
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witli those on the up})cr, we jnish in the 2n& pin lielow 
and the 'M'd a])ove, thus setting the common row of 12 
holes in action, and turn the handle 45" ; this, owing to 
the difl’crcnce in size of the cog-wheels, moves the “ fix(Ml ’’ 
disc thi-ough of that amount, or 15 ’, so that each 
hole is now o^li circumfei'cncc from whei’e it was. 
The effect of this on the sound is to quench the funda- 
mental or pi'imc tone, hut to strc?igthen the u])})er octave 
and all the higher tones which have 4, G, 8, etc., times the 
fi’equency of the fundamental. 

Lastly, by contiTiuously revolving the handle, the puffs 
from the upper instrument can be increased or diiniti- 
ished in rapidity, as compared with the lower, and the 
intervals thrown slightly out of tune. 

LxnKRlMKNT XXXIX (METnOD VI) 

Ikguiml. — Appun’s Heed Tonometer. 

This consists of a long rectangular box with a “foot,” 
by which it can be set horizontally in a hole on a wdnd- 
chest. It rontains 05 reeds, each placed over a slit, as in 
a harmonium, giving an ocbivc from 250 to 512 vibrations 
per second. An ojpial number of buttons outside enable 
any one or more of them to be sounded. Each reed 
performs 4 vibrations per second less than the one on 
its right. In order to find the frequency of any note 
within the compass of the instrument it is only necessary 
to see which reed is in unison with it, or, failing that, the 
one which is nearest, and add or subtract the numl)cr of 
beats per second, according as the reed is the lower or 
the higher of the two. The only objection to this method, 
which is otherwise extremely convenient, is that the 
elasticity and rate of vibration of a reed alteivs slightly 
with the temperature, becoming less for a rise and vice versa, 
so that it can only be depended 04 at the tempera, ture 
when it was originally tuned. When two j-eeds are sound- 
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ing togethOT they have atciidciicy to infhuMice one anotiicr, 
but for an expeiiment such as we have deseiihed this is 
not the ease. 

A far more costly instrument than tlie above is 
Seheibler’s tonometer, in wliieli tin; reeds are rt'plaeed by 
tuning-forks. There are Go in all, covering tlu' saiin'. range 
as before. As prepared ))y J)i’. Koenig two oIIum-s are 
added, giving F and A in the .same octave. The method 
of use is the same as tliat indicated above. 

Dr. Koenig has prepared a still larger series ranging 
from IG to 21845'3 vibrations per second : there are in all 
154 forks, most of which arc provided with adjnstal)lc 
resonators, and also with sliding weights ])y which the rab^ 
can be varied within certain limits. 
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VIBliATlONS OF HODS, TURKS, AMD FLATES 

The motions of tubes <arc the same as those of I’ods, but 
the lightness of the former makes tliein more convenient 
for some purpose's. 

Either of them may vibrate either longitudinally or 
transversely, and they may be fixed at one or both oiuls, or 
free at both ends and supported at some intermediate point 
or points. 

When fixed at both ends the longitudinal vibrations are 
like those of a stretched string : the transverse ones (since 
they depend on elasticity, not t(msion) obey a different 
law. For example, the vibrations of a string arc invci’sely 
as the length : wlum damped in the middle it has twic(i the 
fre<|uen(!y ; at a point of triscction three times, and so on. 
But a rod fixed at both ends and giving its fundamental 
note has a frequency which, to avoid fractions, we may 
call 9 or 3- ; with one node in the middle it becomes 5'^, 
with two nodes 7 '^, and so on. 

When fixed at one end its (transverse) frequency is 
denoted by the formula where 0 is the thickness, 

U the modulus of rigidity, ar ^^.h as its usual signification 
of density, while c is a consraHf^hose value is about '28. 
It will be observed that the breadth is not a factor. 

A rod fi’ce at both ends can vibrate with two, three, or 
more nodes, but not opc. The^ljpnula as given by 
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Poisson is = whoro v is the velocity of lonjji- 

tndiii.al vilinitioii and 6 the thickness. Its fundamental is 
higher than if fixed at one end in tlie r;itio of 25 to 4, 
and its notes of subdivision follow the sipianis of the odd 
numbers (sec b(dow). 

The longitudinal vibrations of rods ami strings are of 
groat interest in connection with the velocity of sound, and 
are dealt with in Chapter XL 


Expkiumknt XL 

Trami'eri<e Vihnil 'mis of a Itod jixed at one end 

Itequired . — Stout brass wire about l.l m. in length; vice. 

' Make the wire as straight as possible, clamp it at the 
lower end and pull it asule, to set it , , 

swinging throughout its whole length, \ / • I \ / 

as in Fig, 18, 1. Xow hold it about \ / \ / / 

J of the way from tlie top and shake \ i / \ 

the remaining portion in the middle, \ \ I ! 

and it will vibrate as in II; and \ I \ Xj 

similarly, the state shown in III can i I \ 

be induced. j ; \ 

The frequencies deiiend in the \ ; i I 

first instance on the distance from y \J 

the free end to the first node: these | m 

are nearly as I : -?j : and the corre- 
sponding rates are inversely as the 
squares of these numbers; that is to say, while No. Ill 
executes twenty-five vibrations, II will execute nine, and 
I only one. 

Exi^ment XLI 

Transverse Tibre^^fpf Hods free at huik ends 

llequired . — Several glass rods or tubes about J cm. in 
diameter, and of various lengths up to 30 cm. ; file. 
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Hold those tiil>cs a short clisUinco al)Ove tho table and 
let them drop one after another : the clinks are sufficiently 
musical to suggest eertiiin intervals, and by suitably alter- 
ing tho lengths they may be tuned to give the notes of a 
common chord. Support all the four tubes at their nodal 
points (about ^ of the length from the ends) and tap them 
with a pencil : each will give the same note as ))efore. 
The simplest way is to tic them to two pieces of string, 
knotted at the proper points, and to let them hang in a 
vertical plane, while the tubes arc horizojitah The iiistni- 
raent known as a Xylophone is merely an amplified arrange- 
ment of the same kind, Avith bars of wood instead of glass 
tubes. Tuning-forks arc founded on the same principle, 
but are of sufiicient importance to be dealt with separately. 


Experiment XLII 
Vihraikm of kites 

Required. — Chladni’s plates, scpiai'e and round ; bow ; 
fine sand ; lycopodium. It is advisable to have a clamp 
which has a sufficient .sjian to reach to the middle, so that 
a plate may bo held either there or elsewhere (Fig. 19). 



Fio. ID. 


In default of this, an inverted iron triangle with the feet 
covered by rubber, or cork, may be used. 

Taking first a square plate, clamp it in the middle, and 



VI 


VIBRATIONS OF PLATKS 


65 


draw a bow down one of the sides lial f- way along : this 
will excite the gravest possible note. Hold the ear just 
above the plate at different points : notice that over the 
diagonals there is hardly any sound, while elsewhere it is 
very loud. This is a case of interference, to be more fully 
described in Chapter XVI. Draw the bow along tlu’ edge 
at various points and press a pencil on the plate at different 
places to damp the motion there : it will l)e found that 
the note undergoes many variations, but sometimes it is 
impossible to elicit one at all until a slight adjustment is 
made. 


Exi'Kiument XLIII 

Sprinkle Hue sand over the plate, covei'ing it Uni- 
formly, ])ut very thinly ; excite with the l)ow as before and 
observe the pattern. Repeat the experiment, damping the 
plate at various places with a pencil : each note has its 
own pattei-n. Mu(;h of the variety is lost when the plate 
is always clamped at its centre : clamp or support it, 
therefore, at different points. It is oljvious that the sand 
seeks the lines whore there is least motion, and on cither 
side the adjoining sections are always moving in opposite 
directions, one up and the other down. Pressure with a 
blunt point anywhere determines the passage of a nodal 
line through that point. 

It was lo?ig ago remarked by »Strohlko ^ that the sand 
lines arc not stiaight, but hyperbolic, and that they avoid 
crossing one another as far as possible. 

EXi’KIlIMENT XEIV 

Use a circular plate clamped in the middle, and observe 
that it gives radial lines more ca.sily thati any (others, l)ut 


1 mi. M<aj. 1831 . 
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by very o1)liqiic bowing it is possible to ol)tiiiii u circular 
one, with 10 or 12 radii. 

Here again, the iinprovctacnt caused by clamping tlie 
plate at other points than the cemtre is very niarkcid. If 
there be a hohi through the centre various coinljinations of 
circles and radii can be obtained by <lrawing a resined 
string up and down it. 

Whihi the plate is in motion press a pcmcil on one of 
the radial lines and move it round slowly : all these 
lines then move in' the same direction, and can be kept 
oscillating backwards and forwards for some little 
time. 


Experiment XLV 

Now sprinkle lycopodium or silica over the plate, 
instead of sand. These powders avoid the nodal lines, and 
congregate in little heaps firound 
the places where the agitation is 
greatest. This phenomenon was 
observed by Chladni, but fii'st ex- 
plained by Faraday, who ascribed 
it to the formation of miniature 
cyclones in which the particles arc 
kept sus|)ended, being too light to 
force theii* way through. When 
in a vacuum all powder.s, light or 
heavy, seek the nodal lines. This 
experiment is seldom })ei'foi'med, 
but can be done by soldering a 
]>rass I'od to tlio middle of a thin 
metal jdatc, and passing it uj) 
through a stop])cr in the tubulurc! 
of an ail-pump receiver (Fig. 20). The rod then being 
excited longitudinally, the plate vibrates transversely, and 
any powder on it moves as described. 
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ExPKRniKxYr XLVl 

Clump a circular plate in the niicklle, scalti'i’ lycopodium 
on it, and druAv the how obli(piely dowiiwai'ds : it is 
possible thou to make the powder lie in a circle, and to 
travel all round it; Lc. every ])arti(‘lc running over the 
whole circumference. The molioti here is akin to that of 
a wine-glass when a wetted finger is drawn round the I'im. 

Sand put on the plate when in this state is violently 
agitated, but gives no definite ])attcrn ; as the motion dies 
away it may be observed to throb at intervals while the 
wave is passing under it. 

Hold a resonating glass flask over (luj heaps of lycopo- 
dium, they are blown about in a circle. A small disc 
h(jld over makes them contract (sec p. 4 1 ). 

Exfkuimknt XLVH 

Make a circular disc of cardhoaid of the same diameter 
as the plate, and cut out three or four alternate seetf)rs 
corresponding with those shown by the sand lines (which 
of course must be arranged to suit the case). Place tins 
disc immediately over the metal plate and turn it round. 
The sound will be observed to rise and fall aceoi-ding as the 
0 })cn spaces are over the vibrating sectors, or lialf over (me 
and half over the next. This is again an etlcct of interfer- 
ence, much the same iji princijdo as that observed when 
one ])rong of a tuning-fork is shaded, and the other left 
free (p. 08). 

In theoiy the smallest number of vibrations of a 
[date, whether round oi* scjuare, is given by tfic formula 
« = where 0 is the thickness, A the area, and c a 

constant, while E and A have their usual significations. In 
other words, it is directly as the thickness and inversely 
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{IS the arc;ij so long {is the m{itcri{il remains the sanie. 
This formula, substituting A for P, is the same as that 
which gives the frequency of {i rod of length /, clamped at 
one end. 

Theory of the Siuul fujnrcs on a 
nhrothiy Plnte ^ 

Fig. 21, I, shows !i mct;d strip free at both ends; 
its first three suctaissivc modes of vibnition arc as in II, 
III, IV ; one additional nodal point ajypearing in each 
c{ise.'^ 

Now su[)pose the length and bre{idth of the strip to be 
cqmil, so that it becomes a square ; it can then vibnite as 

I 

II 

III 

IV 


shown in Fig, 22, with two nod{d lines across it. Wo nuiy 
distinguish the three recbinglcs thus formed by the letters 
P N P, denoting Unit the extern{il ones are above the 
general level, while the medkl one is below it. 

Since the phite is supposed perfectly symmetrical, it 
nniy also ({it the same time) divide {is in Fig. 23, B and C, 
arul not only so, but the superpositions of the motions 

^ riill. Tinns. 

“ The distance from a free end to a nodal line is nither Jess than 
half the distance between tWo adjacent lines, and the frcciuencies are 
as 3^ : 5^ : 7'^. These conclusions were established by Euler. 



Fio, 21. Fio. 22. 
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may be different ; that is, either B or C may be su})er})osed 
on A, 


Now draw the combined figures, representing P by 
horizontal shading, and N by vertical, Tliis will give us 
either D or E in Fig. 23, according as B is on A, or C on A, 
respectively. It is obvious that since the motions in the 




rectangular segments in D and the sijuare ones in E arc in 
the same direction, there is no conliict between tliem, and 
no nodal lines arc formed there, but in the other segments 
there is a conflict, and considerations of symmetry demand 
that a couple of diagonals or a .square will result, as shown, 
Wheatstone lays down the rules as follows : — “ (1) I'ho 
points where the quiescent (nodal) lines of one figure inter- 
sect each other remain quiescent points in the resulting 
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ligurc. (2) Tlu) qiiiesceiit lines of one figure arc o1)literiited 
wlien suj)ei'pos(*(1 liy the vihrating parts of the other. 

New (piiescent jioints, wljieli may he called points of com- 
pensation, arc formed whenever the vilwations in 0])posite 
directions neutralise one another. (4) At all other 
})oints the motion is as the sum of the concurring or the 
difference of the opposing vibrations.” 




Talvc now a more complicated case where the four 
figun's A, B, C, ]), which are in symmetrical pairs, one 
having two nodal lines parallel to a side of the scpiare, and 
tlm othei- three such lines, are combined. DraAvthe figui’c 
resulting from the oombinatiun of all four, as in Fig. 25. 
Without following out each separate motion, it will be 
sufficient to notice that the whol(‘. scpiarc is divided into 
3() I'ectanglos, the crossed shading lines making a 
kind of chessboard pattern. The resulting nodal lines are 
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tlicn traced as follows. When a crossed segment appears 
at a corner of the plate, a diagonal line goes through 
that corner, and on 
th r 01 igli ad j oi n i ng sce- 
tions; when oiu; forms 
elsewhere along the 
edge of the plate, 
the nodal line starts 
from the middle, and 
is continued diagon- 
ally through the ad- 
jacent crossed seg- 
ments as far as 
possible. Thus wo get 
the figure show'n hy 
the heavy lines. Simi- 
larly, the sand lines 

of any other condiina- Fio. 25. 

tion maylie predicted. 

It is not necessary, however, that the original nodal 
lines should bo parallel to an edge of the plate : they 
may take intermediate positions as in Fig. 2G, 1. One 





Fid. 2(1, II. 


pair is shown by full, the other by dotted lines. When 
these are superposed, we have an interior s<juare of crossed 
shading, which divides diagonally as shown by the thick 
lines (Fig. 2G, If.). The other po.ssible mode, where the 
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with tlic nodal linos as indioated. Any otlu'i' condonation 
may bo treated in the same manner. 

The assumptions of Wheatstone oonsidei’od above arc 
not theoretically justifiable when applied to plat('s, ami the 
figures ai‘o ideals, nevertheless they arc worth considoiation, 
and the process always gives intelligible Jesuits. 

Exmm . — Find the sand-figure for a plate divided by 
three nodal lines parallel to one side and thi’cc paiallel to 
the adjacent side (A and 11, Fig. 27*). 



CHArTEJi VII 


TUNING-l'OUKS 


No acoustical instrument is of more value tlnni the 
tuin'jig fork, it can he made to give any desired note, 
and the only variation it is subject to is a very slight 
one for toinpcraturc, equal to about -5,7/00 ^ double 

vibration for 1” C., and due to an alteration of elasticity, 
diminishing when it is warmed, and vice verm. 

It consists of a steel bar, bent so that the are 

parallel or even slightly convergent, and having a stem or 
shank welded on at the bend, which serves as a handle, oi* 
as a means of screwing it on a resonance box. It is 
excited either by striking it on a pa<lded surface, or by a 
bow, or ndien the prongs converge, by drawing a wooden 
rod foi'cibly l)etween them. In some instrumcjits a jmir 
of .sliding weights are provided, which can be clamped at 
(liticrent points, thus altering the pitch within certain limits. 

The box is open at one end, and since the aperture is 
wi<lc, it has a considerable range of sympathetic vibration... 
If it had just the proper note of the foi-k, and a very 
narrow range, there would be an extremely loud sound at 
first, but the al)sorption of energy would lie so great that 
it would very soon cease. 

The mode of vibration is founded on that of a straight 
bar, which in its simplest form has, as we have seen, two 
nodal line.s, at nearly \ of the length from "each end 
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(Fig. 28, I). When })ent, a wave -motion has more 
difficulty than before in getting round the curve, conse- 
quently the lines tend 

to approach one an- I 

other, as in II. In 
III the same tendency 
is accentuated, and 
in IV they are almost 
together. The prongs 
are now more like 
pendulums, and their 
period is greater than 
before on account of 
the increase in length. 

The shank moves up 
and down, and is 
tl^ able to sob a 
boatrd in vibra- 
tion?^^ 

Tfib^chief drawba( 
tioii is not sustained, and it is a matter of some difficulty 
to keep it so. A crude method is to attach a fine metal 
point to one of the prongs, so that just beyond the 
middle of an outward swing it dips into a mercury cup, 
with a shallow layer of alcohol at the top to keep it clean. 
A small electro-magnet is placed in the same circuit as the 
fork, and attracts the upper prong whenever the current 
|)asses. The vibration is started' by a bow, and maintains 
itself by the alternate attraction and release when the 
current is made or broken. A very firm attachment for 
the fork is needed, or it soon begins to work loose. This 
method is open to the objection that the impulse is exerted 
at the wrong time. In order to maintain a free vibration 
it must act when the fork, pendulum, or whatever it is, is 
moving with its greatest velocity, ie. at the middle of the 
swing : if this be not done, the vibration is more or less 
VOL. ITI F • 



in 


IV 

KiO. 28 . 

to a tuning-fork is that its vibra- 
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forced. Some improvement follows when the magnet is 
made so short as to go between the prongs, and it is found 
better not to use a mercury 
cup, but an ordinary platinum 
contact - breaker touching a 
boss on one of the prongs, 
and this not at the extremity, 
but some distance away (see 
Fig. 29). More elaborate 
methods have been suggested 
where the chief difficulty is at 
least minimised, though not 
abolished.^ 

A fork may be raised or 
lowered in pitch by filing the 
ends or the curved part be- 
tween the prongs respectively. 
For ordinary purposes, when two folks arc to be used in 
conjunction, the one which is too high in pitch is weighted 
with soft wax. 

The following experiments should l)e tried. A single 
small fork is sufficient for most of them. 

Experiment XLYIII 

Notice the extreme ease with which a fork is set into 
vibration, a single Hick with a piece of thre.ul, or a sharp 
pufi’ of air fi'om the mouth, causing it to ring audibly. 

Experiment XLIX 

Tap it somewhat forcibly on the knee and observe the 
shadowy appearance of the prongs. Move it rapidly back- 

^ See a by Professor S. 1*. Thoin|)soii, Nature, 22nd .Tuly 
1886 ; also W. (i. {lic<;ory, “On Driving Forks Electro-magiietically,” 
rhil. Mag. Dee. 1889. 
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wards and forwards in the plane of vibration : the prongs 
now appear multiple, because their oscillation being alter- 
nately with and against that of the hand, they are 
stationary at certain points. If a bright object be stuck 
on the side of a prong, the experiment succeeds rather 
better. 


Experiment L 

Fasten a fine needle or piece of wire to a prong by 
soft wax, so as to form a continuation of it. Smoke a piece 
of paper or glass by holding it over a flame of turpentine : 
draw the needle along it while the fork is vibrating. A 
series of waves of gradually decreasing amplitude will be 
traced, and evidently if we know the rate of the fork we 
could toll how long contact had lasted, within a very 
minute fraction of a second, by merely counting the waves. 
This is the principle of the tuning-fork chronograph. The 
experiment may be varied by blackening the edge of one 
of the prongs, and drawing a needle along it. The waves 
are now traced on the fork itself, and if measured, would 
give the amplitude of vibration at any point. 


Experiment LI 

Hang the fork by a thread, and strike it gently with a 
piece of metal. It now gives a shrill tingling sound due 
to higher rates of vibration which hero overpower the 
fundamental, while in the ordinary mode of excitation 
they are either not heard at all, or die away very soon. 
Thick forks give these shrill tones much more easily than 
thin ones. 


Experiment LII 

Excite a fork gently, hold it near the ear, and rotate 
it. In four positions the sound will cease entirely, because 
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a condensed pulse from one prong and a rarefied one from 
the other reach the car together. The curves of silence 
are hyperboloids, as shown onp. 164. 

A similar effect is produced when a fork is revolved 
over a resonating jar. 

Experiment LIII 

(ffamp a fork so that the j)lanc of vibration is vertical. 
Sprinkle some fitie sand over the upper face, and draw a 
bow down at al»out two-thirds of the length from the end. 
A transverse nodal line is now scon some little distance 
from this end, and at the same time a note is heard, much 
higher than the fundamental. The pitch of this and 
the successive higher notes of a fork are represented by 
the numbers OJ, I7i, 34-J, 561, ; the fundamental being 
reckoned as unity, though they are liable to variation. 

When the fork is broad, bowing it in the manner 
described sometimes causes a longitudinal lino to form, 
bisecting the upper face. 

Experiment LIV 

Make a naiTow cylinder of stiff' paper, hold it so as to 
cover up one of the prongs ; the sound is now louder than if 
both were uncovered. Eor this exj)criment the fork must 
not bo on a resonance box. The effect is due to a checking 
of the interference which results from the opposing move- 
ments of the prongs. It is quite possible to notice it by 
merely shading one of the prongs by a flat sheet of paper 
when the ear is held in the proper position. 

Experiment LV 

Make a file -mark in the shank, and while the fork is 
sounding, press it against a sonometer wire. At a certain 
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point the wire sings out loudly, l>ut u very .small dis- 
placement causes the effect to cease. This length of 
wire would, if sounded alone, be in unison with the 
fork. A series of measurements may bo made, using 
several forks of known frequency, to prove the law of 
variation of lengtli. 

In this expci'imcnt considerable accuracy may be at- 
tained by resting the fork on the movalilo bridge instead 
of on the liaro wire, and moving it five or more times from 
right to left, and as many in the opposite direction, taking 
a reading each time. 

Emnple . — 


Frequency of fork 320 : 


LrMfjfhs of Wire yieiiDj Max'mnm 


n>2\) 

Ik’iilyc moved J 
from right to left. 1 

Imo 


I'hlJO 

Ih'idge moved | 
from left to right. | 

1531 


Mean 530'3 mm. 


Frciiuency of second fork 381 ; 


Lciijjlhs of IFire givviKj Md-timum Ilemiance. 


U ridge movc<l 
from right to left. 


(Ui 
442 
{ 112 
442 
1441 


|446 

Bridge moved j 111’ 
from left to right. | 

ll44 


Mean 443 1. 


Suppose tho pitch of the first fork unknown, wc have 
384=5.W-.r 

By a simple rearrangement the stretching weight may 
be made the unknown quantity, and calculated from the 
formula W = 2mnH'\ where m is the mas.s of 1 linear 
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centimetre, n the frequency, and I the length. The 
formula itself is derived by an obvious substitution from 

the one given on p. 27, viz. n = ~ 

Experiment LVI 

Procure two foi-ks accurately in unison. If they are not 
exactly so, load the higher of them by pressing a small piece 
of wax on each prong. A musi^dKir can detect a differ- 
ence of about two vibrations i)cr second, but in any case 
the weighting must be varied until when the shanks are 
pressed together cither fork will set the other into sus- 
tiiined vibration. 

When the unison is perfect, strike one fork, and hold 
it very close to the other : the latter will then begin to 
ring by the aerial impulses alone. If they are both on 
resonance boxes the effect is almost instantaneous, and 
they need not be close together. It must be remem- 
bered that several hundred impulses are given every 
second, and each one at the exact moment when it produces 
most effect. A very slight departure from unison causes 
the passive fork to vary in intensity in the same manner 
as the wire in Expt. XXI. 

Experiment LVII 

Instead of holding the active fork stationary, move it 
quickly to and fro in the immediate vicinity of the other : 
the latter is not now excited, because the motion of the 
hand causes the waves to strike at one time too rapidly, 
and at another too slowly. Dr. Koenig has pointed out 
that this motion may supply what is wanting in frequency, 
i.e. if one fork describes 256 vibrations and another 258, 
an approach of the former at a rate which will add two 
more waves per second will bring about the sympathetic 
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effect. The rate can l>e mulily calculated, for the wave- 
length is, as usual, = velocity frequency --- ahout 130 cm. 
in the case supposed. 

Expkri.ment LVIII 

Press the handle of a vi))rating fork on a (’hladni’s 
plate ; it resounds far less satisfactorily than a wooden 
board, because the plate is probably not capable of emitting 
the right note umler any circumstances, and so docs not 
take up the motion, while wood is more compliant, d’he 
unyielding nature of the mcUil also causes a jarring which 
spoils the resonance. 

The distortion of a tuning-fork under diflerent i)i’os.sures 
may bo investigated by the method described in vol. i. of 
this series, p. 185. It will bo found to obey I he usual law 
that the deflection is proportional to the ])ending force. 
This is the reason why the vibrations are regular, as will 
be e.xplained under Harmonic Motion. 

Experiment TdX 

Hold the ])rong of a vibrating fork in a I’unscn flame, 
the sound becomes louder, as if the tube oi* flarms acted as 
a resonator. Since the eflect kdees place almost ecpially well 
over a I'dctcher’s ring burner, this can hardly bo the whole 
explanation.^ 

Experiment LX 

To calculalc the Eladirity of Steel from the Dimensions of 
a Fork and its Frcunenry 

The formula is, in the first instiince, n ■■= where v is 
the velocity of sound in steel, I the length of the prongs, 


^ See Nature, 5tli December 1878. 
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and $ their thickness in the plane of vibration. We shall 
see hereafter that v= where E is the (juantity 
sought, and A the density, and by rearrangement we have 


E'mm.pk . — A fork for which /= 14 cm. ^^=*6 cm. and 
A = 7 "8, made 250 vibrations per second. By substitution — 

„ 2562 X 11^ X 7-6 


The usual value is from 20*2 to 24*5 x lO^h 


Expeufment LXI 

To find the Energy of Vibration of a Tmingforh when its 
Amplitude is given 

The quantity desired is J where m is the 

mass of a single prong, t the period, and the amplitude. 
For the two prongs together it is twice this amount. 

Example . — The fork used in the last experiment had a 
breadth of 1*1 cm.^ and its amplitude at a certain moment 
was *05 cm. The total energy is then }xl4x*6xl’lx 
7*8 X 256‘^ X 'V^ X 7r‘*^ = 4*06 x 10^ ergs. 

The amplitude diminishes in a logarithmic ratio re- 
presented by while the energy diminishes at the 
rate kE per second, k being a constant. It is therefore 
possible to calculate the extent of swing of a fork just 
before it becomes inaudible by finding how many seconds 
it can be heard after a certain moment when its amplitude 
is known. How excessively minute this is may be gathered 
from Expt. XLVIII. p. 06. It has been observed that the 
minimum amount of energy required to excite the eye 
arid ear is of the same order of magnitude ; i.e. that the 
amount supplied per second by the faintest light that can 
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])o seen uikI the fuiiitest sound that can be licard, are not 
very difrerent.^ 

Experiment LXIl 

h!itmhuHms Views of a Vibrating For}. 

One method wliich may l)e used is the siinie as that 
described on j). 32, but little can bo gathered from it. 

It is more instructive to make a stroboscope from a disc 
of cardboard al)Out 15 cm. in diameter with some 18 
or 20 radial slits cut out of it, leaving a continuous rim 
so as not to spoil its rigidity. A metiil disc is })refcr- 
able. This is mounted on a horizontal axis on a whirling 
table, and the fork viewed through the .slits as they cross 
the lino of sight. 

If they .succeed one another at the .same rate at which 
the fork vibrates the jirongs appear stationary, because they 
are always seen at the same })eriod of their swing; if a 
little slower or faster, they open and close alternately. 
Looking at a horizontal fork, wh<‘n the rate is properly 
adjusted, the appearance shown in Fig. 30 is observed.*'^ 



When the wheel gains on the fork, the waves move out- 
wards in the direction of its motion, and vice versa. The 
explanation is that we sec short .sections of the prong along 
the portion covered by the wheel, and each section moves 

^ Ravlcif'li, TImry of Sound, vol. ii. ji. 13, and elsewhere. 

^ Whiting, rhysicid Measurement, Boston, 1891. 
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with a harmonic motion, hence the whole appears as a wave. 
This will he more clear after Chapter IX. has been read. 


Experiment LXIII 
MeUe^s Experiments 

Required. — Large tuning-fork; silk thread; bow; clamp; 

— wax ; small wire hook. 

Arrange as in Fig. 31, 

"• vibration at first liori- 

/ zontal. 

/ The thread is attached by soft wax, and a 

/ \ hook, hung to the lower end, is loaded with the 

/ \ same material or with ordinary wax. Adjust the 

\ length of thread and the load so that only one 

*1 vibrating segment is formed. Find what weight 

'i the string now carries. Next turn the fork 

I through a right angle, and fasten the thread to 

' the lower face : with the same length and tension 

j it now forms two segments instead of one, for 

; in the new position an up-or-down oscillation 

1 is equivalent to a to-rmd-fro one in the old. 

1 This proves the first of Mersenne’s laws, viz. 

\ I that the length and frequency arc in inverse 

\ ; proportion. By substituting other forks the 

\ ! proof may be carried further, but the method 

\ / can only be considered a fancy one. 

\ 1 Now, reverting to the former position of 

\ / the fork, diminish the weight till two segments 

Y are formed, then three, and find the tension in 

^ each case. They will be nearly in the ratio 

Fia. 31. of 1 : for by Mersenne’s third law the 

number of vibrations is directly as the square 
root of the tension. The actual rate of vibration docs not 
vary, being simply that of the fork ; hence the length of 
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the segments is directly, and the 11111111)01* of segments in- 
versely, as the s((uare root of the tension. The ahovo 
experiments are known as Meldc’s : they "'ere suggested 
by the behaviour of a string tied across the mouth of a 
bell jar.^ In a more elaborate form of apjiaratus, a wire, 
hanging by the side of a resonance box (like a vortical 
sonometer), is attached to the prong of a large fork main- 
tained elcctro-magnetically, and the two soumls (of the fork 
and wire) can be heard together. 

Expkrimknt LXIV 
Ddemmation of <j hj a Tuniiuj-foi'k 

JjtparaidH requiml. — See Fig. 

32 . B is a wooden base ; A 
is a sUndard with a cross-bar 
C near the top ; n and w, arc 
pins from which a smoked glass 
plate G hangs by a cotton 
thread ; F is a tuning-fork of 
known frequency, say 250 , the 
handle of which fits firmly in 
a hole in the base ; p is a style 
attached to one of the prongs, 
and a counterweight (not shown) 
is fastened to the other to pre- 
serve the balance. The posi- 
tions are so arranged that the 
stylo is just in contact with the 
glass : the fork is then bowed 
and the plate allowed to fall by 
burning the thread. Count the 
number of Avaves traced on the 
glass and measure the length of 
the whole set ; thus wo find not only the space travelled, but 

1 See Tyndall, Sound, chap. iii. and Proc. Poy. Inst. Juno 1806. 
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also tlic time taken. Suppose, for instance, tliat 33 waves 
are found in a space of 8 centimetres, then from the 
formula s = lat^ we have rt = ^ = —4?— r == = 963 

cm. per second, instead of 981. 


The waves are difficult to count at the commencement, 
being very much crowded together. A better way is to 
measure them in groups of 20 or 30 when they have 
begun to spread out, we then find that there is a constant 
increase in length : for example, if the first 20 take uj) 
a certain space, the second 20 take up a space greater 
by a certain amount; for the third 20 the increment 
is the same as before, and so on. If be the total length 
of the first n waves and 4 the length of the next n waves, 
and t the time interval, then g = This apjfiication 

of a tuning-fork is due to Professor Boys. 

A more elaborate apparatus, in which a tuning-fork is 
used as a chronograph to measure the time taken by an 
iron ball to fall through a height of 3 m. or more, is 
described in vol. i. of this series. Lesson LIII. 


Determination of the Rate of a Fork 

This is accomplished by means of a pendulum beating 
seconds (or some known interval), wdiich carries a tapering 
piece of platinum underneath, and at the lowest point of 
its swing makes contact with a small quantity of mercury 
in an iron cup. The pendulum is a conductor, and js 
connected with a battery and with the primary wire of an 
induction coil. At every contact the currejit passes for 
an instant, and is immediately broken, then an induced 
current flows through the secondary wire. This latter is 
in circuit with the fork and a metal drum covered with 
blackened paper. The fork carries a lu’ass wire style, and 
traces a sinuous line on the drum, which is kept slowly 
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revolving. The inducctl current cau.se.s a. spark to pass 
from the style, and makes a fine dot at some point of the 
curve. On counting the number of waves and fractions of 
a wave between two dots the frequency of the fork is 
obtained at once. It is better to take the moan of two or 
an oven number of pendulum beats, because if the merenrv 
is a little on one side the intervals will be too small and 
too great alternately. The nn^thod is due to rrofes.sor 
Mayer.^ It may be use<l to compare tlu; frequencies of 
two forks, by making them both draw tract^s on a revolv- 
ing cylinder covered with blackened paper, and counting the 
number of M^avos comprisial within a certain limit of s})ace 
when the paper is unrolled. Much use i.s made of the 
tuning-fork as a chronogi-aph in conmation with the flight 
of jirojcctiles and other investigations when a very short 
interval of time has to be measured. 

* Son also A. A. Mitchelsou, I'hil. Maij. ]ss;i. 



CHAPTEE VIII 

OllGAN PIPES 

For raiisical purposes organ pipes are made oitber of wood 
or metal, of various lengths up to 32 (reputed) feet, and 
with diamctei’s to correspond. Wooden ones are square 
or rectangular (sometimes even triangular) in section; 
those of metal arc circular, hut not always either cylindri- 
cal or straight ; some arc open at the far end ; some closed 
by a leather-faced plug. Those in which the air is thrown 
into agitation by being blown against a lip are called flue 
or flute pipes, to distinguish them from reed pipes, where a 
small flexible tongue of metal is the prime mover. These 
latter are always open, with one partial exception, where 
the end is closely shaded by a metal lid. The appearance 
of an ordinary wooden pipe is shown in Fig. 33. The air 
enters by a tube called the “foot,” thence it is guided so 
as to flow in a thin sheet across the “ mouth,” or opening in 
the front face of the pipe; it next strikes against the 
“ lip,” and begins to flutter like a reed, performing its out- 
ward and inward oscillations in time with the aerial pulses 
in the tube.^ The pitch of the note is dependent chiefly 
on the length of the tube, whether it is stopped or open, 
and upon the force of the air and its temperature. Its 
quality is influenced in a greater or less degree by every 
conceivable circumstance, e.g. the material, shape, and 

^ See Helmholtz’s Sensatiom of Tone, Appendix XIX. 
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“scale” of the pipe {ij\ tlie ratio of the cross-scctioii to 
the length), the form and position of the “languid” or 
internal edge of the slit through which the aii passes, 
etc. etc. 



Fio, 33. * PiO. 34. 


The length of a pipe is measured from the lip to the 
far end if open, or to the plug if stopped. 

In reed pipes (Fig. 34) the air has to pas.s between the 
reed m and the slot ab, which it covers. Looking at the 
direction of the air, it would appear calculated to drive the 
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reofl firmly against the edges, and keep it there, hut this is 
not what happens. The a{jcrturc is not quite closed, 
because the reed is slightly curved, and a little air gets 
past, thus a vibration is started and maintained so long as 
there is a sufficient current. Thp reed shown in Fig. 34 
is a “ striking ” one, i.e. it is hroadei* than the slot, and 
comes in contact Avith it at every vil)ration. No other 
kind is used in organs, but in harmoniums and reed 
instruments wliicli have no pipes, free reeds are employed, 
the slot being wide enough to enclose the reed and leave a 
narrow aperture all round. The })ieec of bent wire shown 
in the figure can be worked up and doAvn so as to tune the 
reed l)y altering the length of the vibrating portion. 

The length of pipe is not without influence on the note 
of a reed : if it is at an antinode the oscillations arc un- 
aflected, but if not, and especially when at a node, its pitch 
is lowered. 

As regards the tuning of organ pipes, open wooden ones 
are usually provided with a flat plate of organ- pipe metal 
let into a saw- cut at the end, and by bending this so 
as to shade the orifice more or less, a slight amount of 
flattening is produced ; or if the pipe is too flat originally 
a small piece is saAvn ofT .so as to reduce its length. 

Open metal pipes arc tuned by moulding the end with 
a wooden cone, widening or contracting it as may be 
necessary : in stopped pipes a slight adjustment of the 
plug produces the requited result. 

When an open flue pipe is blown, some air escapes from 
the far end, but the bulk of it flows past the lip. 

There is a close resemblance between the air in a flue 
pipe, whether stopped or open, and a rod or wire vibrating 
longitudinally; in both the material is alternately con- 
densed and dilated, and the same arrangement of stationary 
waves, with their nodes and loops, exists in the one case 
as in the other. 

The far end of a closed pipe is always a node, like the 
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fixed end of a rod, because changes of density can take 
place there, but tlie excursions of tin' particles are pre- 
vented. At the lip there is always an ant inode, because 
changes of density are balanced from without, but theie is 
no check on the ani[>litude. In an open pi[)e the far end, 
or more accurately, a point a little further (nit, is always 
an antinode foi* the same reason. A node and an antinode 
must always follow each other succe.ssively, so that in an ojien 
pipe there must be at least one node ; it is found to be 
rather more than half-way along, and the smallest fraction 
of a wave that it can contain is one half. In a closed pipe, 
on the other hand, it is a quarter of a wave. In other 
words, when a pipe is blown with a moderate degree of 
force, the wave-length of the sound it gives out is twice 
the length of the [lipe if it is open, and four times if 
closed. Hence the note in the latter cas() is (nearly) tlu^ 
lower octave of what it is in the former when the pipes are 
the same length. This may be reprc.sented graphically as in 
Fig. 35, the corresponding portions of a transverse wave being 
given alongside. It will be evident that if a closed pipe 
vibrates in any other way, it must have two nodes as 
in II, or three as in III, and so on; while an op(*n one 
must split up as in IF, I IF, etc. The condition of the air 
as to direction and velocity is c.xplaincd on p. Ofi. In II 
there are three cpiartcr - waves, and in III five ((uarter- 
waves ; and as the rates of vibi’ation are inversely as the 
lengths of the wavc.s, these modes will involve respectively 
three and five times the rapidity of vibration of the 
fundamental. They are produced simultaneously with the 
latter as a general rule, but by increasing the blast of air 
the lower notes disappear in turn, and the higher ones 
predominate succes.sively. 

Similarly, in open pipes the frequencies inducc<l by 
clifFercnt pressures of air will l>e as 1:2: 3, etc. 'hhese 
relations were first established by Daniel Bernouilli. A 
doubly-stopped pipe, when tapped, has the same pitch as a 

VOL. Ill G 
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cloubly-opcii one, because, having a node at each end,^ the 
least fraction of a wave which it can contain is one-half. 




Ill' 


CD 


It must be observed that the pitch of an organ pipe is 
lower than would be calculated from its length and the 
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density and elasticity of the air, Imt no exact correction 
can be applied, because much depends on the relation of its 
various parts, an<l upon minute details which fall within 
the jirovince of an organ-builder, for whom jiractice is in- 
dependent, and in some respects in advance, of theory. 

Exi'Erimknth with Oij(;an Ph’Ks 

Jlrtjwh'CfJ . — Various organ pipes, open and closed ; tuning- 
forks ; half-metre scale. 

E.XnKIUMKNT JiXV 

Take an open pipe and blow very gently into it: a 
rustling of air is heard, along with a faint note much 
above the proper one. The rustling is such as would bo 
jiroduccd by a current of air Idowing against a lij) independ- 
ently of the pipe. 

EXI’KRIMKNT LX VI 

Plow steadily but not too liard ; it now gives its proper 
or fundarnenUd note. A moderate increase in the force of 
air raises the pitch slightly. Hold the palm of the hand a 
short distance beyond the open end of a 2-foot pipe ; the 
agitation of the air will be distinctly felt. Ly partially 
closing the a])erture the note will be lowered in jiitch, and 
the same result follows when a finger is held near the lij) 
of the pipe. Close the far end altogether Avith a Hat plate, 
no satisfactory note can be obtained ; but, leaving a small 
aperture open, it gives a note slightly aliove the lower 
octave of the fundamental. A scpieezed handkerchief 
makes an effective plug. 

Experiment LXVII 

Increase the force of the current considerably ; a note 
an octave higher than the last will be heard, due to the 
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pipe taking its second mode of division, and with a still 
greater force the third mode of division will 1)0 induced, 
and the note has three times the rate of vibration of the 
fniulamental, its i)o.sition in the scale being the Fifth above 
the octave. The intervals, however, are not (piito exact. 

Expkrimknt LXVIll 

Hold a vibrating tuning-fork near the lip of a pipe 
giving the same note : a powerful resonance is produced. 

E.xrKRiMEN'r LXTX 

Blow the pipe with coal gas or hydrogen : it gives a 
shriller note than before (in the latter case nearly two 
octaves higher). With carbonic acid, on the other hand, 
the note is lowered. 


Experiment LXX 

Using a closed [)ipo instead of an open one, obsoiwe 
that the note! is quieter and sweeter than l)eforc. Alter the 
position of the plug : the note rises and falls according as 
it is pushed in or out. Kemovc the plug altogether ; the 
pipe now may fail to “speak” at all. Ivei)lace the plug 
and blow with gradually increasing degrees of force, the 
first higher note to be obtained is due to three times the 
rate of vibration of the fundamental, and the second to five 
times. 


Experiment LXXI 

Nodes and Aidinodes in an Q)'gan Pipe 

Pequired . — Small organ pipe, with a plug which can be 
moved to any point inside ; sonometer. 

Sound the open pipe so as to give its fundamental note, 
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and tune the sonometer wire to it. Now, insert the plug 
and move it along till the note, wliieli at liist sinks nearly 
an octave, is once more in tunc with the wire. Find tlio 
position of the face of the plug from the end ; in theory it 
should bo half-way down, but in practice it is a little 
further out. The pipe had originally an antinode, at each 
end, and a node in the middle ; but when there is a plug 
at a node the rate of vibration is not altered. Nor is tin' 
fundamental altered when a hole is made at an anti node. 

Expkpjmknt I.XXII 

Make the pipe give its first higher note by ovrrl)lowing. 
V/ith an open pipe this is the upper octave, and, as we 
have seen, it now contains two nodes ; hence, as the plug 
advances, there are two positions where the original note 
will bo restored. Find those positions, using the sono- 
meter wire cas a standard, and compare them with the 
theoretical ones. 


Kxpkuimknt JiXXllI 

Ileqnired . — Open organ pipe with one side made of 
glass; small ring with thin membrane stretched over it, 
and suspended by a string; fine sand. 

The pipe being in a vertical jmsition, sound it as u.sual, 
and having put a little sand on the membrane, lower it 
gradually. The sand is at first agitated considerably, but 
quietens down as it approachc.s the middle. There must be 
a space left between the ring and the interior of the pipe, 
otherwise it is apt to create a node wherevei* it i.s. 

No .satisfactory determination of the pf)sitions of the 
nodes and antinodes in an overblown pipe can be made in 
thi.s way, for 's'arious reasons. Dr. Koenig, however, has 
liursucd the inquiry \vith a large organ pipe 2*3 m. long 
by 12 cm. square, laid horizontally in a trough of water. 
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and haviii" a slit all along the lower side, through which 
one branch of a U-tUbe was passed. The other branch was 
connected with a small water gauge, and when the pipe 
sounded its 8th note, the nodes were found at 173, 488, 
808, 1122, 1438, 1747, and 2018 mm. from the lip. Thus 
the spaces which, according to theory, should be all equal, 
were respectively 315, 320, 314, 316, 309, and 271 mm. 


Experiment I.XXIV 
Measuremenk of Organ Pij^es 

Ileguired . — A number of stopped and open pipes ; metre 
scale. 

Obtain the lengths and diameters of all the pipes, 
measuring the stopped ones from the lip to the face of the 
plug. Compare the frequencies obtained from the musical 
interval between them (see p. 147) or otherwise, with the 
inverse ratio of the lengths. Also compare the frequencies 
with those calculated from the formula n = a 

stopped pipe, and n = ■ for a-R open one, where L 

is the length, r the radius and t the temperature centi- 
grade. For a rectangular pipe the radius of the equivalent 
circle may be taken : if the sides are a and b this 

or ‘oG \/uh. It will be found that the theory is somewhat 
widely departed fi’om. 

Example . — Three open wooden pipes whose dimensions 
were respectively GO’4 x 4-3 x 4*3 cm., 39*2 x 3*3 x 3*3, and 
28*6 X 2 7 X 2*7 gave the notes c\ g\ c", which arc in the 
numerical ratio of 2:3: 4. The radii of the equivalent 
circles being 2*4, 1*8, and 1*7 cm. respectively, we get the 
effective lengths G0*4 + 2*6 = G3'0, 39*2 + 2*0 = 41*2, and 
28*6 + 1*9 = 30*.5 : hence the second pipe is *8 cm., and the 
third 1 cm. shorter than if they had the theoretical lengths. 
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The fornuiUe given above are derivcil from the frac- 
tions of a wave which a stopped and an open [>i()e respect- 
ively contain. In the former case (taking the simplest 
mode of vibration), it is one (piarter of the wave-length. 
But wave-length X frequency = velocity of jirojiagation " 
.33000 cm. per second, with a correction of (>() eni. per 
second to be added for each degree above zeio. Hence 
4 a(L + ‘Sr) = 33000 -f- 60/, from which A 

comparison of this result with the actual frcciuency will 
show that little reliance can 1)0 placed on it. 

Exi’Erimknt LXXV 

Compare the Icngtlis of .stopped and open jiipos Which 
give the same note. In theory they shotdd be as 1 : 2, but 
in practice the ratio is less ; that is to say, an open pipe may 
be as much as 2 ’6 times as long as an equivalent stopped 
one, the amount varying with the size and scale of the pipes. 



OHArTEK IX 

SIMPLE AND COMPOUND HARMONIC MOTIONS 

Let APB (Fig. 30) be n circle whose centre is 0, find let 

a point P move round it with uniform velocity. Then X, 

the foot of the perpendicular, or more concisely, the pro- 
jection of P on AB, moves 
between A and B with a 
simple harmonic motion, 
The motion of P, being 
always directed along the 
g tangent, will be equal to 
that of X when the latter 
passes through 0, but at 

all other points it will be 

greater. It is known from 
Dynamics that a constant 
acceleration towards the 
centre is necessary to keep 
1’ moving as described, and if this be represented by OP^ 
then the resolved parts of it arc OX and PX ; in other 
words, the accelenition of X is alwfiys proportional to OX. 
Hence when a particle describes a simple harmonic motion, 
the force acting on it is directed towards the middle of its 
l)ath, and is proportional to its distance from that point. 
The definition is sometimes given in this form instead of 
the other. 
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Since OP, PX, and XO arc icspectivcly pi rpcndicular 
to the motions of ]*, of X, and of the otIuM’ ((iniiKtncnt, the 
triangle OPX is the triangle of velocities, so tliat tlio 
velocity of X at any moment is represented by ILX. The 
words period and amplitude have the nii'anings already 
(h^scrihed : the angle POP is called the phanc of the 
vibration. 

It is worth while pointing out that tlie motion of a 
piston driving a fly-wheel is nearly simple harmonic, 
because the latter moves with a nearly uniform velocity, 
and the connecting rod, though it docs not remain always 
parallel with itself like the pcqieiidicular PX, still tlie 
angle it moves through is not great. 

A pendulum presents the most familiar example of 
simple harmonic motion. That this is so is easily proved 
as follows. Let AB (Fig. 37) be the position of rest, and 
AC one making a small angle with it, so that 
the arc and chord BC may be supposed to 
coincide. Draw P>I) horizontally, and CD 
vertically. Then at C the particle liegiiis in 
cflect to run down a plane whose inclination 
CBD = BAC, and its acceleration is j/sinCBD 
PC 

= g sin BAG ^ Here the only variable 

is BC, so that the force is proportional to the 
displacement, when the arc BC is sensibly 
straight. 

We have pointed out that this prineijilo 
applies to stretched wires, tuning-forks, reeds, 
and sound -producers in general ; it is no less 
true that the oscillations of the particles of air 
or other medium when conveying a simple 
sound wave, ie. one produced by a pendular ® ^ 

vibration, follow the harmonic law. 

When a heavy particle is suspended by a flexible 
string, and cfuised to move with uniform velocity in a hori- 
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zoiital circle, thus making a conical pciulnhim, its motion, 
as scon from a point in the plane of this cii'clc, is nearly 
simple harmonic, and would be quite so but that the line 
joining the eye to the par- 
ticle moves through a small 
angle. The time of desci ib- 
ing the circle is the period 
(double vibration ) of a pendu- 
lum of the same length, and 
the uniform velocity is that 
which the bob would have at 
the lowest point of its swing. 

From Fig. 38, where the 
circle is divided into a 
number of cjpial parts, we 
see that, since Bl^, P^Pg, 
etc., arc described in equal times, therefore BX^, X^X^, 
etc., are also described in equal times. This observation is 
of importance in connection with the curves shown in 
Fig. 51. o 

It is easy to calculate the 
position of the particle at 
any moment of its path by 
reckoning where it would 
be on the circumference 
if it completed a revolution 
in the same period, and 
drawing a j)erpcndicular to 
the line of motion. If the 
time be reckoned, not from 
the moment when the par- 
ticle is at B, but from some 
other moment when it is 
at E, say, then the interval between this and the arrival 
at B is called the (>poch. It is represented in Fig. 39 by 
the angle c, though it is really a time interval. 
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The period of a harmonic vihration is iiKh'pciident of 
the amplitude. For in 39 let tlie acceleration at the 
point X, whose di.stanec from 0 may he called ;r, ho 
denoted by nx. Then since the foi‘co at this point is 
proportional only to ;r, it follows that jj, must be a con- 
stant. Let OP = rand let T be the time of exeentin^^ a 
complete to-and-fro vibration. Then if v be the con.stant 
velocity of P in the circle, the acceleration i.s well known 

to be But the tobil path of P i.s 2-)', and is described 

in time T, so that r — Substituting, we get the 

acceleration = horizontal component of thi.s 

at the point X i.s etjualing this to /u: gives 

11 = or T = an expression in which the radius or 

amplitude docs not occur. This principle is of very great 
importance in music, for otherwise there could bo no 
variation in the intensity of sounds without an alteration 
of pitch. 

Since in the above figure everything is symmetrical 
with respect to both diameters, it is clear that the point Y 
also describes a harmonic motion along CD ; or in other 
words, that two harmonic motions at right angles, and 
with a phase-difference of 90' (Lc. one being at a maxi- 
mum while the other is a minimum), compound into uni- 
form circular motion. This may also be proved mechanically 
as on p. 94. 

If d denote the angle POB, which, as before, is the pAn.sc 
of the vibration, then PX or OY (usually denoted by y) = 
r sin ^ and OX = r cos 61; but if i) be measured not from 
OB, but from some line OE which makes an angle c with 
it, then o: = r cos {d - e) and y = r sin {B -■ c). The angle 0 
is here proportional to the time, reckoned from an ar bitrary 
starting-point. If t denote the time of describing the 



92 


PRACTICAL ACOUSTICS 


CII. 


angle 0, then since T is the time of descril)ing 2ir, we have 


2ir 


t. . ‘lirt 

rp ^ rp * 


Substituting in the formula, we have a; = rcos y - ej^ 
by a slight alteration this becomes x = ti cos (wt - f), where a 
stands for the amplitude and o) for This expresses 
that X is a simple harmonic function of t. In its most 
general form it becomes y = acosx, and represents the 
curve shown in Fig. 41, which is compounded of a 
simple harmonic motion in a vertical dii’cction with a 
uniform motion in a horizontal one. Whenever cosic 
vanishes, ?/=0, and when it =1, y = a, so that the curve 
cuts the axis of x at regular intervals, and is above and 
below it alternately. 


Experiment LX XVI 

[Combination of Harmonic Motion with nniJo)in motion 
at right angles 

Required , — For this and similar experiments with a 
pendulum the apparatus shown in Fig. 40 is very useful.^ 
It consists of a wooden frame, a little over 1 m. in 
height, the cross-bar of which is bored with two holes, 
through which a cord passes, pulled into a V-shape by a 
leaden disc. This disc is about 7 cm, across and H 
cm. thick, and has a conical hole in the middle, large 
enough to support a tin or glass funnel, with a small aper- 
ture at the end. Tlie use of the lead is to keep the 
funnel steady and ])reveiit wobbling. The cord passes 
through a wooden peg at the top, and is coiled once or 
twice round it, so that the funnel may be adjusted till it 
nearly touches the base when hanging vertically. Sand 
is poured into the funnel, and issues in a thin stream from 
^ Sco Mayor’s “ N.aturc Scries. ” 
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tho tupcn'jig end. When the pendulmn is pulled aside at 
right angles to the plane of the frame, it cxi^cntes a. har- 
monic vibration in this direction. A piece of Hat card is 
now drawn with a uniform velocity between the uprights, 



Fto. 40. 

and the sand falls upon it in a harmonic curve precisely 
similar to that drawn in Fig. 41. 

Tho principle hero employed is that of self-registering 
instruments in general, where a pen, moving in any 
manner whatever along a certain straight line, traces a 
curve on a sheet of paper drawn with uniform velocity at 
right angles to that line. 
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Experiment LXXVII 

Try to make the sand lie in 
a circle by moving the paper 
Avith the hand. It Avill be 
found that the only Avay to do 
this is to exactly reproduce 
the motion of the pendulum, 
but in a direction at right 
angles to its swing (see also 
p. 91). 

Graphical Method — The 
curve desci'ibed in Expt. 
LXXVI. may bo draAvn with 
greater accuracy by the follow- 
ing process : — 

DraAV a semicircle with 
centre C, divide it into, say, 
12 equal parts, and draAv per- 
pendiculars on OC (Fig. 41). 
Produce this latter indefinitely; 
take any point I) and set off 
24 equal spaces, numbering 
them as shoAvn. From I draw 
a perpendicular equal to the 
height of 1 above OC, and so 
on, up to VI. At VII take 
the same height as at V, and 
proceed in regular order to 
the end. DraAv a curve free- 
hand through the points thus 
obtained. It is called a 
“ sinusoid,” because it shows 
the variations in the sine 


of an angle as it increases from O'" to 3G0°. It con- 
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sists of ii .scfics of niul furrf)w.s or crrsts and 

troughs, and is the elementary foi’iii of a ^va^’l^. Any 
degree of steepness or flatness can ho given to it l)y alter- 
ing the distance from J) to XXIV ; when this is e(|Uid to 
the circumfei ence of the auxiliary circle it has its sim])lest 
form. 

The curve is a kind of analysis of harmonic motion, 
and hy the method of construction all the spaces hetween 
the successive points are descrihed in e(|ual times. Com- 
paring it Avith the om? in Fig. -10, it shows veiy clearly 
how, Avhen the pendulum is stationary and the ])at)cr alone 
moving, the tangent at that ])oint, the highest or lowest 
in Fig. 11, is parallel to the axis; and that at other points 
it moves along the diagonal of a rectangle, of which otic 
side is constant, repre.senting the uniform vehxlty of the 
paper, and the other takes all values helwcum zero and the 
maximum velocity of the i>cndulum. The value of the 
ta?igent Avhere the curve crosses the axis is the (piotient of 
the latter of these velocities hy that of tlni pajici*. Where 
the })endulum stops, as it does at the highest and lowest 
])oints, the tangent hccomes zero, hut it cannot hecome 
infinite, because it can never cut the axis at right angles. 

We see also that the rate of change in the value of the 
tangent, or the alteration of curvature, is greatest just 
before and after the extreme limits of the curve; in other 
words, the change in the acceleration is a maximum at 
these points and vanishes in the middle. 

The Avavc-lengtli is the distance in a straight line from 
any point on the curve to the next point which is in the 
same phase, i,e.. in a similai' jiosition hut on the succeeding 
branch. When a row of e<piidist;int particles is displaced 
so that each has a simple harmonic motion of the same 
amplitude and period, hut differing by a constant interval 
in the time of ai-riving at the same idiaso, they all lie at any 
moment on the surface of a Avave such as we have been 
considering. If Ave draAV on the same axis a second curve 
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simila)’ in all I’cspccts to tlic first, but displaced a quarter 
of a wave-lcngtli, it rejn'csents the velocities of the par- 
ticles ; this is zero when they are at the limit of a 
swing, and a maximum in passing through the middle 
point. 

If wc suppose the particles to be displaced so that each 






moves at right angles to its former path, but with no other 
change, then they will form a scries of condensations and 
rarefactions such as belongs to a simple sound-wave in an 
elastic medium. The displaced curve drawn as above 
now represents not only the velocities of the particles, but 
the degree of condensation and rarefaction. 

When a system of such waves, longitudinal or trans- 
verse, is met by a similar system travelling in the opposite 
direction, a series of stationary waves is formed as in 
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Kxpt. XI. For let them meet us in Fi^ 12, I, then 
their combined effect is shown ut ACJ), wi(h ;in amplitude 
dou])Ie of cither of the single ones. In a qiiurler of u 
period the po.sition of things is shown in II ; the surface is 
perfectly level for the moment (in the case of longitudinal 
waves the medium is ut its ordinary density). Nos. Ill 
and IV follow in order. The middle and the two ter- 
minal points then remain permanently ut rest, and are 
culled wcdcs. The other terms, untinode, wuve-hnigth, 
etc., have been already explained. 

Ill longitudinrd waves the changes of density are 
greatest ut the nodes, and are nothing ut the antinodcs. 

The analytical investigation of pi’ogressivo and station- 
ary waves of this typo may be found in Kverett’s nbratonj 
Mol km and the KncifdoiHvdia Hrifannica, Art. 

“ Mechanics,’' Deschaners Natural Philoso/ihj, etc. 

Exi’KKImknt liXXVllI 

Jtejnvdurfiim of Jlanramk: Motion from Ike 
Ifarmonio Curve 

Apparatm required (see Fig. 43). — Sheet of paper All 
with a harmonic curve traced upon it : piece of cardboard 



in which a slit is cut, which must be at least as long as the 
curve is broad. 

Hold the cardboard so that the slit is over some 
part of the wave, and at right angles to its axis. Keep- 
VOL. Ill u 
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ing it stationary in this position, draw the paper hehind 
it at a uniform rate and the section of the curve seen 
througli the slit will move up and down harmonically. 
The process is of Course an inversion of that which gives 
the wave from a simple harmonic motion. If AB be 
wrapped round a cylinder, of such a diameter that the two 
ends of the curve meet each other, then the up-and-down 
harmonic motion could be made continuous. 

It will be found very useful to cut a piece of cardboard 
along the curve, so as to make a “ template ” from which 
a trace can be taken at any time. 


Siipeifosifion of Two Uarnmic Curirs in the same dirediou 


(ka'idiiml Method . — Draw upon any line AB as axis the 
two curves which it is desii’cd to compound. These are 
shown in figure 44 by the faint lines. Di'aw at right 
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angles to AB a considerable number of lines, preferably at 
equal distances, and when both curves are above or both 
lielow AB, add together the portions of the perpendiculars 
cut off on the successive lines : if one curve is above and 
the other below, subtract them. Set off tluise distances, 
one after another, to the limit prescribed. Trace the 
compound curve freehand througli the jioints thus obtained : 
notice the difference between it and the primary curves. 
If the wave-lengths are commensurable, the curve will repeat 
itself after a certain interval. The process may of course 
bo performed on any number of curves having the axis 
AB (see also p. 159). It is important to notice the effect 
of a difference of phase. In Fig. 45, for instance, the two 
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Upper curves are conilnued first for a pliase (litVt'reiice of 0 , 
and secondly for one of 90 . The resulting curves would 
not be suspected to have the same ])riniaries. This 
consideration assumes very great irtiportance in connection 
with auditory sensations. When two aerial wave systems 
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are superposed, does the ear pei'ceive any difference such 
as Fig. 45 would indicate, according to their modes of 
meeting, or is the sensation the same for all ? The latter 
iippears to be in accordance witli experience, though the 
contrary is affirmed liy Dr. Koenig (see Aiipendix III.). 

Em'cise . — Draw a curve compounded of two harmonic 
curves, one having an amplitude half that of the other, and 
differing from it by J, J, and J in pha.se. 
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Coinhiriatiun, of Two Harmonic Motions at Uujht Jn/jk,H — 
WhcaUUmes Kaleulo^iJwne 

“ The aijpanitus for exhibiting these experiments consists 
of a circular board about 9 inches in diametej', into 
which are perpendicularly fixed, at equal distances fi*om 
the circumference and from each other, three steel rods, 
each about a foot in length (Fig. 
46). The first rod is cylindrical, 
-j^g^th of an inch in diameter, and 
is surmounted by a spherical 
bead which concentrates and re- 
flects the light which falls upon 
it. The second is a similar rod, 
upon the upper extremity of 
which is placed a plate moving 
on a joint so that its plane may 
bo rendered either horizonbil, 
oblique, or perpendicular: this 
plate is adapted to the reception 
of the objects, which consist of 
beads dilTerently coloured, and 
arranged on pieces of black 
card in symmetrical forms. 
The third is a four -sided 
prismatic rod, and a similar plate is attached to its 
extremity for the reception of the same objects. Another 
rod is fixed at the centre of the board ; this is bent to a 
right angle, and is furnished with a bead similarly to the 
first-mentioned rod. A small nut and screw is fixed to 
the board near the lower end of the first rod, in order by 
pressing upon it to render occa.sionally its rigidity unequal. 
A hammer softened by a leatlier covering is employed to 
strike the rods, and a violin bow is necessary to produce 
some varieties of ettect. 
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No. 1. Oil causing the entire rod to vilnate, so that, its 
lowest sound is produced, as it is seldom that the motions 
of a cylindrical lod can be contined to a jilane, the vibra- 
tions will almost always be combined with a circular 
motion. AVlien the jiressure on the fixed end is exerted 
on two opposite points, and the rod, put in motion in 
the direction of piessure, the following progression in 
the change.s of form will be distinctly ob.served. The 
track will commence as a line, and almost immedi- 
ately open into an ellipse, the le.sser axis of which will 
extend as the larger axis dimini.shes, until it becomes 
a circle: wliat was before tin; le.sser will then become 
the larger axis ; and thus the motions will alternate 
until, from their dccioasing magnitudes, they cease to be 
visible. . . . [See Fig.s. 51 and 54.] 

In the most simple case of the coexistence of two 
sounds, shown by putting the entire rod into motion, and 
producing also a higher sound by the friction of a bow, 
the original figure will appear waved or indented, and as 
unity is to the number of indentations, so will the number 
of vibrations be to the mimber in the higher sfiund. On 
varying the mode of excitation, by striking the rod in 
ditl’ercnt parts and with diflercnt forces, very complicated 
and beautiful curvilinear forms may be obtained ; some 
of these are represented in Fig. 47. . . , 

No. 2. Although very beautiful and varied forms may be 
])roduced from the motion of a single point, yet the 
compound figni'cs which are pre.sented by objects formed 
by a number of points oiler ajipearances still more jileasing 
to the eye, , . . The mutual intersections of the points, 
each describing a similar figure, present to the eye comjili- 
cated yet symmetrical figure.s, resembling elegant specimens 
of engine-turning. 

When the jdatc is borizonUd, the figures are all in one 
plane, but if it be inclined or perpendicular, the curves 
being then made in parallel planes, give the idea of a solid 
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figure, and in some cases the appearances are particularly 
striking. . . . 

No. 3. When this prismatic rod is put in motion, in the 
direction of either of its sides, the points move only recti- 
lineally ; but when the motion is applied in an oblique 
direction, a variety of compound curves is shown. (Lissajous’ 
figures). . . . 

No. 4. When a rod is straight, the curve produced by any 
point describing its motion is always in the same plane ; 



Pig. 47. 


but in a rod ])cnt to any angie, the two parts moving most 
frequently in different directions, curves arc produced 
whose parts do not lie in the same plane. A few trials 
will soon indicate the best way of applying the motion so 
as to cause the two parts to vibrate in difierent directions.’' 
—•Wheatstone, Quarterly Journal of Scimee, Literature, and 
Art, 1827, vol. V 

The above quotation has been given beciiuse the modern 
instruments arc constructed to show only vibrations in one 
plane. Doubtless these are the most important, but the 
real Wheatstone Kaleidophone has been lost sight of. 
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Kxpkkimknt LXXIX 

(^oinhinafinit of Httnimuic Muf 'mu'i {(•utitiin/i li) 

Tlio instrunuMit iv(|uiml, u (loul)l(^ spriiii:; K.iloido- 
phono, is shown in Fi^. 48. It consists of two tlc.x- 
ihlc strips of steel soldered togetlier in tlie middle, 
the plane of tlie one ))ein^.; at riijlil anodes to tliat 
of tlie other. 'Fhe upper .strip h;is a hrii^ht qa 
metal bead fa.stened to it, which presimts a small 
shining spot from whatever as])ect it is viewed. I’nll 
the lower strip aside : it executes a harmonic vibra- 
tion at right angles to its own plane, and with it 
the upper strip; the bright spot tlum moves in a 
.straight line, or, more correctly, an aix: of a cii-cle. 

So also if AB be drawn aside while BC i.s prevented M,, 
from moving, it describc.s a straight line at I’ight 
angles to the former. Xow taking hold of the end 
A, pull it obliquely a.sido, and let it go, the .spot then 
traces curves of great beauty, which go through 
various forms till through friction and resistance of 
the air the motion ceases. 

Clamp the lower strip at dillercnt [loint.s and 
ob.scrve the change in the form of the figiin*. This 
is the advantage of the in.strument as compared with 
the kaleiduphone in which the lengths are constant. 

Any wire clamped at one end and plucked aside goes 
through a similar scries of iimtions, for there is always a 
j)lane of maximum ami one of minimum lh:xural rigidity 
which work upon it in the way just descril)ed, but without 
.some .such device it gives oidy one figure. 

Expkrimknt TiXXX * 

/) lackhunix Vend (dim 

The apparatus shown in Fig. 40 can easily be converted 
into a compound or Blackburn’s pendulum by sliding a small 
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ring, r, up tln^ cord, so as to make it of a Y-shape (Fig. 49). 
The height of the bob will now re(puro adjusting by means 
of the peg. The disc is drawn aside aiid fastened to an up- 
right I) by a thread wliich is burnt at the pr()})er moment : 
this plan prevents any wobbling which might otherwise take 


Flfl. 49. 

place. Sand is poured into tlie funnel as before, but it now 
describes a cornpaund curve, derived from two harmonic 
motions at right angles. One of these, that parallel to 
the plane of the frame, is of the same amplitude and 
period as if the weight had been displaced from its position 
of rest in this direction, while the angle, of the cord 
remained stationary in a vertical })lane; the other, at 
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rjglit angles to tlie frame, is executed hy tlu' (‘utirc length, 
reckoning from the middle of the under side of the cross- 
bar to the weight. 

If we wish to obtain the curve combining liaiwonic 
motion of periods 1 : 2, we put the ring of the way 
down, counting from the to]); and if the combination 2 : 2, 
at »{|d so on. 

T)ie reason for this depends on the formula for a sim}>le 
pendulum, / = 7r^/^, where / = the time of a single oscilla- 
tion in seconds, / = thc length, and tj the acceleration of 
gravity. The times arc thcrefoi’c directly as the squai’c 
roots of the lengths, or what conies to the same thing, the 
number of vibrations in a given time varies inversely as 
the square roots of the length. For the 2 : 3 combination, 
then, the shorter portion must lie to the total as 4 : 9, and 
reckoning from the top the riiig r must, be jmt j;- of the 
way down. 

Similarly, to obtain the ratio 3 : 4 we make the shorter 
portion of the whole, and j)Ut the ling at 
the toj). 

If the paper, instead of being kc])t still, be moved with 
a uniform velocity in the direction of either of the com- 
ponent vibrations, we get the same curves as with the 
tuning-forks on ])p. 115, 1 1 G. Lastly, when the paper itself 
moves with a harmonic vibration, as in certain “ liarmono- 
graj)li.s,” curves of exquisite beauty are obtained. 

Fxpkuimknt J.XXXl 

Tlu: a])paratus is .shown in Fig. 50. 

Two large tuning-forks are fixed to firm and heavy 
sui)])orts, so that tlieir planes of vibration are at right 
angles. Each fork has a small piece of silvered glass at- 
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taclicd to one of its prongs in sncli a way that a narrow beam 
of light proceeding from a lamp is reflected first from one 
and then from the other. A small counterpoise is attached 
to the opposing prongs so as to maintain the balance. 
The observer stands at some little distance, and receives 
the twice -reflected beam through a telescope (the room 



Flo. 50 


beitig in darkness) ; when only one fork is vibrating he sees 
a straight line, vertical or horizontal as the case may be, but 
when l)oth are in motion, curves such as those in Fig. 51 
make their appearance, according to the rates of vibration. 
In general, they do not remain steady, unless the forks are 
perfectly in tune, but go through a cycle of changes in the 
period re(piircd for one of them to gain a complete vibra- 
tion of the other, ie. they go through all possible phase 
difterences, as explained on p. 111 . No other method of 
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tuning' approiiclics this in (leliracy. All tlio (Mirvt's arc 
coTiipiised within a sqnaro or rectanijlc whoso sides juc 
twice the amplitudes of the vibrations, and in iiny of them 
the ratio can bo deternnned by inspoetion. Count the 
number of times the curve touches two adjacent sides of 



the rcctan^de which encloses it, and this is the ratio reijuired. 
If the curve be not closed, as in tin; third (vlumii of Fi^'. 
51, count one for each free end, and two for each of the 
other contacts. Thus, in the curve of the Fourth, 3 ; 4 
(middle figure, bottom row), we read I + 2 contacts along 
the top, and 2 f 2 down the right-hand side (or 1 + 2 -r 1 
down the left-hand side). 
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In practice the forks must he ho wed from time to time 
l»y another o])crator, and some adjustment of weights will 
be necessary before the requisite steadiness is obtained. 


Expkimmknt JiXXXTT 

Comhiimtim of Harinmk Motion {cmibiMd) 

Required . — Apparatus shown in Fig. 52, consisting of 
two blackened discs of thin metal, each with a narrow 
diametrical slit cut out of it. These are fastened to the 



free ends of two steel strips, which are screwed on to the 
base board, and can execute harmonic vibrations at right 
angles to one another. The slits being also at right 
angles a small square of light is seen on looking through 
them at a bright surface beyond. When the steel strips 
are set into vibration this spot of light describes the com- 
pound vibration with which we are now familiar, 


Graphical Jtejwesentaiion — First Method 

Take a sheet of thin transparent celluloid, about 
35 X 12 cm. ifi dimensions, and trace upon it a single 
sine curve in Indian ink. To do this the template rccom- 
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mended on p. 98 will be useful, but if there be not one 
Ksady, trace the curve first on paper, then lav it upon the 
celluloid, and prick holes in it 
at short distances to give the 
outline underneath ; draw the 
curve in ink with a pointed 
camel-hair brush. Now l)end the 
celluloid into a cylindrical form 
(Kig. 53), so that the two ends of 
the curve come together ; the 
sheet will overlap, but that is 
of no consequence. Hold the 
cylinder vertically, and turn it 
round on a level with the eyes, 
then all the changes, from a 
straight lino through an oblique 
and an upright ellipse to a 
straight line again, can be fol- 
lowed, as in Fig. 5 4. This method 
illustratcspcrfcctlywhatismcant 
by fham ; it is the angle through 
which the cylinder is turned, 
reckoned from one of the posi- 
tions in which the curve appears 
as a straight line, or in the general case, goes through 
the centre of the rectangle. Now roll up the cylinder 
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into a smaller compass, so that it makes two turns where it 
formerly made only one. Revolving it as before, we see 
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the octtive combination ; stjirting with a figure of 8, it 
becomes a distorted 8, then a paral)ola, and so on as in 
Fig. 51, 1st row. 

To produce the combination ti : 3 we must either draw 
two waves on the celluloid, and roll it up so that the first 
and last j)oints do not meet till the circumference has been 
traversed tliree times, oi‘ draw three waves and roll it up 
into a doubhi cylinder. The vaiious phase differences 
show themselves as in Fig. 51, 2n(l row. Similarly, any 
other combination might be produced by a proper adjust- 
ment of the numl)er of waves and rolls. 

The theoiy of this method is that uniform motion in 
a cii’cle, when jnojected on a straight line in the plane of 
the circle, becomes simide harmonic motion ; hence the 
projection of any single point on a revolving cylinder on a 
plane parallel to the axis describes a harmonic motion 
perpendicular to the axis. If the point at the same time 
describes on the cylinder itself a harmonic motion parallel 
to the axis, its projection will now be compounded of the 
two harmonic motions at right angles. On the celluloid 
cylinder all possible positions of such a point arc shown, 
because the curve is continuous, hence the result. 

Second Method 

Draw two concentric circles (Fig. 55), whose radii are 
the amplitudes ; divide them into the same number of 
parts (here 12), starting in both cases from the diameter 
AB, and number them as shown. Through each ])oint in 
the outer circle draw a line perpendicular to AB, then the 
points where these lines meet the corresponding lines 
])arallel to AB from the inner circle lie on the curve re- 
(]uired. This is a well-known geometrical construction 
for describing an ellipse, Avhose axes are given. 

If we continue the fii-st horizontal and vertiwil lines 
to meet the diameters VI, XII, and 3, 9, we see that at 
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jlJh of tlio entin' jieriofl from !• to A and lack the j)ar- 
ticlc would be oil the vertical axis by one inovinnent, and 
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on the horizontal one l>v tlic oilier, hence its actual ])osition 
i.s at r, where the dotted lines meet, and so on. 

If Ave begin counting along the inner circle one place 
earlier, as in Fig. 5(1, and jiroceed as before, we obtain 
another ellipse which is tilted as compared with the last, 
and shows the effect of compounding two simple, harmonic 
motions, avIioso phase ditfercnce is jb.th more than be- 
fore, i.e. 90 + jlj X 3G0= 120^ And .so on for other 
dilfercnce.s. 

Exercise. — Draw a single circle (to represent cipial 
amplitudes in the tAvo directions), and numbering the 
divisions one outside and one inside the circumference, find 
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what the pluise difference must he so that the preceding 
construction gives a straight line. 



To compound harmonic vibrations of any other periods, 
say 4: 5, draw one auxiliary circle AOBD (Fig. 57), thus 
making the amplitudes erpial to avoid confusing the figure. 
Divide the semicircle ACB into 4ri, and DAC into hn 
equal parts, hero 8 and 10 respectively. Draw vertical 
lines through the formei’, and horizontal ones through the 
latter, continuing them in each case to the limits of the 
square. For a phase difference of J of a period or 90'", 
start at one corner E, and continue diagonally till the 
curve comes to an end at H. All these diagonals (which 
are not of course straight) arc described in equal times, 
and the varying length and curvature show to what 
extent the two motions arc increasing or decreasing with 
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roforcncc to oiio another. Hy starting at any oilier point 
than E, and following the diagonally o])[)()sit<^ ])oints all 
round, we get the same combination with a now phase 
dirterenoc, and the greater the number of parts into which 
the semicircles are divided, the more minute the jiossible 



phase differences become. In Lissajous’ cxpei iment they 
go through evenj possible difference, unless the adjustment is 
perfect ; then whatever figure is seen at first is maintained 
throughout, except that the size gradually diminishes. 

linnrm . — \^ary the preceding figure by drawing two 
auxiliary circles as in Fig. 5G, but divide one into 3w and the 
•other into 4n parts. Number them consecutively, starting 
VOL. Hi I 
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])oth sets at one citrner. Draw the horizontal and \-ertical 
lines as ladore, and tniee the curve tlirongh the ])()iiits 
1 1, 11 2, 1113, etc., till an opt'ii end is reached. 

Also tiace the eilect of a, new diirci-cnce of phase hy start 
ing the nnniherin^ of one of the sets of parts one place 
later, then two ])taee.s later, and so on, lea\inti; the othei‘ 
unaltered. 


Fai-kimmmnt LXXXIII 
Coirthitudioti itj Tii'i) Kaniioiilr Mdlioiis 

— Sevei'al lai-j^e tnning-forhs ; soft wav; fine 
needle ; oil tlanie. 

Sinoh(' one of the edi;'es of a foi'k ]»y holdin^ij; it, ova'r a 
tlaine of oil, eainphor, oi- tnrjK'ntine. Strike the fork and 
di'aw the needle, ovei' the hlacktnjed edge ; it traces a, 
liai’inonie curve just as it wotild if attached to the fork, 
and drawn over blackened paper or glass. Now, instead 
of holding tin' needle in the hajid, mount it on one of the 
other forks, so that it forms a continuation of a ])rong. Let 
both forks vibrate, and draw the. ne('(ll(i as before. AVe 
thus get a eom])ouiid eui've trae(-d, whose sha])e varies 
according to eireumstanee.s. In Fig. 58 an* seen a number 
of such : the tO]) line is the octave combination 2:1, the 
second line a slightly mistimed octave. Ob.serve the 
gradual rise and fall of the small serration u])on tlie large 
one, due to a constantly altering diilerence of phase. No. 
3 is the combination 3 : 1, and the others ai'e 3:2, 4:3, 
5 ; 4, h : 8, 25 : 24, and 81 : 80 res])ectively. All of them 
can be obtained by the metliod d(‘scribed, by taking the 
])roper folks. If any latio is not (piite exact, a rise and 
hill is seen as in No. 2. 

Since the geneial equation to a harmonic curve is y = 
a cos ?//,/:, where a i.s the amplitude, and m a multiplier, the 
equation of thos(‘ und<T consideintion is y = e cos //t.r + 
h cos n/, whei’e vi : n as 2:1, etc., ami a and h are the ampli- 
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lu(l(\s. If w, and Marc (‘oiniiicnsiirable, lla^ ciuvc i'('i)i';Lts 
after an iiilcrval, wliieli in angular nieasina' is the 
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least common nmltiole of and , for tlwn the value 
* >ii n 

of v is the same as at first. 
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Ctmipin^Hhin <if To'ii Ilcrhiiiijiihir Uammh' 

A])]);ir:itus as IxToiu instoail of drawing tlic iK’cdlc 
longifuditially doAvn a Idackciicd prong, draw it traiis- 
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vorsely, i.c. at riglit angles to its leiigtli. It is ])etter to 
fasten a strip of lilaekcncd gla.ss, copjjcr foil, or mica on 
the jn’oiig, .so that the drawbaek of a iian-ow edge may ho 
a\’oidcd. The curves now ol)tained resemble tliose in 
Fig. hi), wliieh are com])onnded of j)eriods 1:1, 2:1, 
2:1 slightly mistimed, 11:5, and 1G:15 resjiectively. 
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The, foini of the curve v.M'ic.s sonu'wli.'il witli tiu' speed of 
the needle; it forms ;i very inleiestiiig i \pei imeiit to (ly 
vai’ioiis s])ceds and eoinhinations of periods. 'I'lie eui’V('S 
are tlie same as tlioSe in Fi^. hi, eompoiiiided with a 
uniform reetilinear motion. 



OIlArTEU X 

ItKFLECTlOM AND KKFKACTION OF 80UND 

Expkuiment LXXXV 

llcquimL — Two long, wide glass tubes; piece of card ; a 
watch. 

Arrange as in Fig. 60, the watch ];>eii)g at A, the card 
at C, and the eiir at 13. If the ticks can be heard across 



the ii 4 teival, cover the watch with a piece of cloth, which 
also encloses a little of the tube. It is possible not only 
to prove the fact of reflection in this way, but to show 
that the law of the equality of the angles of incidence and 
reflection is at least suggested, for by turning the card it 
will be found that the ticks are loudest when it is placed 
symmetrically. Other surfaces, hard and soft, may be 
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substitutod for tlio card, and th(5 rcHcctioii compared. 
Even the flat side of a fish-tail flame is cflicacions. 

The principle of I'cHection may be e.x plained as follows. 
Let the source of sound bo at S (Fij^. Gl), and let there 
be a reflecting sui-faeo AB some little distance away. A 
system of spherical waves will emanate from S, and on 
striking AB, the first wave front, instead of reaching its 


S' 


rifi. '-1. 

natural limit, as shown by the dotUsl line, will be tin iied 
back. It will go on expanding, and be followed by 
other waves ; and since the curvature is the same, but in 
a contrary direction, the source w'ill appear to be at 
S', which is as far behind the reflector as S is ui front 
of it. An echo, therefore, is heard after the interval 
rcipiired for the sound to travel from S', supposing that 
it started at the same moment as the original sound. 
This of course amounts to nothing more than saying that 
the sound has to traverse the distance from S to AB twice 
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over ))ofo)’c it can be heard at its starting-point, A 
reflected sound is nut called an echo unless it is heard at 
some perceptible interval after the original, otherwise it 
comes under the h(‘-ad of Kesonancc. The meeting of 
direct and I'eflected pulses gives rise to stationary waves, as 
explained on p. 1 1 and elsewhere. 

Very striking examples of reflection arc observed in 
a large room with bare walls, such as a covered fives court, 
where the difficulty of raahing one’s S(df understood at a 
distance is very great. 

Kxi’kuimknt LXXXVl 

When a concave mirror is used the refl(?ctcd wave- 
fronts take up the additional curvature, end arc rendered 
convergent ; from a convex suiTace they become more 
divergent. Take for in- 
stance a source of sound 
at A (Fig. G2), and let a 
concave refiector BC be 
put in front of it, then all 
th(^ portions of waves com- 
] wised within the angle 
]>AC will aftei’ reflection 
bo confined to some such 
angle as BAX’, and the 
intensity at the point A' 
will be a maximum. With 
a convex reflector the lines 
All and AX’ would diverge after reflection. These consider- 
ations belong rather to Optics than Acoustics, for the exces- 
sive minuteness of light waves enables them to be treated as 
mathematical lines, and the cfFects are beyond comparison 
more exact than with sound waves, which usually have a 
length comparable with the size of the rcflectoi*. In such 
cases a flat sui'face does nearly as well as a curved one. 
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Exi’Niument LXXXVII 
liCjUdm from. Cmrcd Mirrora 

Jk'iiiired , — Two coiiciivi; metal miiT()i’,s, stands, wiitcli, 
i’ubl)Ci‘ tube, and small funnel. 

8ct up the mirrors as in Fi^. 0:5, the distance between 
them being 4 or 5 metres. Hang the watch about half- 
way betAvecn one of the min-ors and its centi'c of curva- 
ture. Hold the funnel, with tube attached, in a corre- 



sponding position near the other mirror, ami move it about 
till the ticks !ire jdainly heard. 

A single mirror will suffice to show the concentration 
of sound Avaves to a focus, as in Ex})t. liXXXVI., but the 
Avatch should uoav be a couple of metres aAvay, and the 
funnel turned toAvards the mirror. An open umbrella may 
be used Avith very satisfactory residts. 

As another instance, hang a AA^atch on a vertical sheet 
of cloth or a curtain, to prevent reflections from behind, 
and hold a wash-basin near the car in such a position as 
to catch the Avaves and condense them to a point : the 
ticks can be heard across an oi’dinary room. A very slight 
change in the position of the ear or basin destroys the 
effect altogether. 
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Experiment LXXXVIIl 
lleflection of Surf am JFaves 

licquired . — Shallow circular dish conttiiiiiiig mercury. 

Agitate the surface at any point, and observe how the 
waves after reflection meet at a eorresponding point 
equally distant from the centre. The agitation is best 
kept up by allowing a thin stream of the liquid to trickle 
down from a tap-funnel or filter-paper with the apex cut 
away as in Expt. CX., p. 163. The experiment also 
succeeds with water, but not quite so well. 

It was pointed out many years ago by Scott Kussell 
that when water waves strike a l)ank or other solid surface 
at a small angle, they are not reflected at all, but cling to 
and run along it. Something of this kind probably happens 
in whispering galleries, where the s})eaker puts his mouth 
so close to the wall as to forbid the idea that the ordinary 
laws of reflection are concerned. 


llejledion from, Ilailinga 

Stand a short distance from a set of iron railings with 
square sides : clap the hands together, or rap on the ground 
with a stick ; a little attention will reveal a musical clink 
of some duration. The loudest effect is produced when the 
bars are arranged in a crescctit, and have a wooden backing 
close behind, or when wooden strips arc nailed together 
in a zigzag fashion. It is due to reflections from the 
successive surfaces, reaching the ear with sufficient 
rapidity to blend together. A single wave thus comes 
back, as it were, in pieces from gradually increasing dis- 
tances. With a little practice the sound may be heard with 
almost all kinds of railings, but a very small diflerenco in 
the situation of the observer, has a considerable influence 
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over tho result. A high-pitched tihul roof oilers juiother 
example : traflic in the street below pi’odiices sounds like 
the twittering of bird.s, coming now from one spot, now 
from another. Here the narrow edges of the tiles arc 
responsible for the effect. 

Expkiumknt LXXXIX 
Refnidion of Sound 

Jl<’(/nircd . — Collodion balloon, retort stand, carbonio 
acid generator, with thistle-funnel and delivery tube. 

Put in the bottle some fragments of marble, jwur dilute 
hydrochloric or nitric a(;id on them through the funnel, 
and the gas comes ofT readily. Fill the balloon, and ti(! 
the neck with a })icce of thread. Then hang it from a 
retort .stand, and keep it steady by letting the lower part 
rest on one of the rings. Suspend a watch at a distance of 
15 or 20 cm. on a level with the centre of the ballooti, 
and place the ear on tho ofjposite side. Find by trial the 
position where the ticks are loudest. It will be abund- 
antly clear that tho balloon doe.s not act iis an obsUicle, 
.shutting off' tho sound, but as a lens, converging it to a 
focus. This experiment was devised by Sondhauss. 

Tho theory of it is that sound travels with a less 
velocity in a heavy gas than in a light one ; conse(piently 
tho wave-fronts, as shown in Fig. C4, become flatter as 
they [)ass through tho gas and then take a contrary flexure, 
from the circumferential ])urts gaining on the central ones. 
On emergence, the new flexure is accentuated, and at a 
point whose distance varies with that of the watch on 
the other side, the waves converge to a focus. 

In passing from air to water, sound is almost totally 
reflected, even at a perpendicular incidence, on account 
of the great diflerenco in density. Hence it is difficult. 
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though not impossible, for a diver to hear sounds made in 
the air above his liead. Lobsters, fishes, etc,, are startled 


I 



by tlie firing of guns and other loud noises made in the 
air, under circumstances where it seems impossible that 
any sound can reach them except by refraction. 

Experiment XC 

To illustrate the preceding hy th^ Analogy of JFater JFaves 

Take a large flat vessel, a common portable bath for 
example, fill it about half full of water, and place a flat 
disc of wood or glass in a horizontal position on a support, 
so that it rests just underneath the surface of the water. 
Make a succession of waves in the water at some con- 
venient point, by IdoAving bubbles of air through a fine 
glass tube. Watch the chan|e and reversal of curvature 
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as the waves })ass over tlic tlise. The cflvci hei-v is duo to 
tlie velocity of a wave iji sliallow' water being less than in 
deep water : hence we have an exactly similar case to th:it 
described above. A lens-shaped disc would doulitless do 
better than a circidar one. 

Exi*euiment XCI 

Refrartion tlumfjh a Ifylrof/m iMilhm 

Use the same }>alloon as in Kxpt. LXXXIX., but fill it 
with hydrogen instead of carlKmic aci<l. Xo focus can now 
be detected, and the sound is perceptibly weaker when the 
balloon is there than when it is removed. 

f’or hydrogen being nearly 15 times lighter than air, 
the velocity of soiuid in it is vU5 or nearly 4 tinu's greater : 
hence the wave -fronts, in pa.ssing tluough the balloon, 
will become more convex than they wen', and on emergence 
the diHerence will be intensified. 

It may seem curiou.s that a convex lens can cause I’ays 
to diverge, whereas in tluj ease of light this is never 
looked for. Jhit the conditions are not the same if the 
rays pass from air to glass, and then to aii* again. If we 
siidc an empty carbon di.sulphide prism into a glass trough 
filled with water, and pass a beam of light through it, it is 
bent atm;/ from the base : similarly, if we use a h(»llow hms 
the rays are dirergad. But a little consideration will 
show that the proper shape for a lens to have under these 
circumstances in order to produce a convergence, is con- 
cave. So also a concave lens, filled with hydrogen, woubl 
converge sound wsives to a fociis in ;iir. 

Tyndall’s experiments on the audibility of guns, whistles, 
and sirens in difl'erent stjites of weather may be referred 
to here, the principles involved being that in a homo- 
geneous atmosphere a sound is heard at a distance propor- 
tionate to its inten.sity and itorying with its ipiality ; but 
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ill one where there arc strata of different temperature or 
humidity, reflections and refractions occur which have a 
remarkable deadening effect, and arc capable of extinguish- 
ing a very loud sound at a distance of two or three miles, 
even while the instruments are in full view.^ On a small 
scale the cutting off of a sound by a dame (Expt. IV.) and 
its reflection by the same means, sufliciontly indicate the 
principle. 

Hesehus'^ has investigated the refraction of sound 
through a large plano-convex lens 25 cm. in diameter, 
made of wire netting, and filled with fragments of sponge, 
ebonite shavings, wadding, etc., using as the source of 
sound a Galton’s whistle (p. 192), In this case the sound 
waves are hampered in passing through the material's, and 
a change of flexure and convergence to a focus take place as 
indicated above. 

With regard to prisms, some experiments were made 
by Hajech ^ on the relation between the angles of incidence 
and refraction, with the following results : — 


Material. 

Angle of 
Incidence. 

Allele of 
llefraction (obs.). 

Calculate( 

Water . 

35'’50' 

7“40' 

7“58' 

Hydrogen . 

25“ 

5“40' 

5“37' 

35“50' 

8“- 

8“60' 

Ammonia gas 

25“0' 

T 

6“22' 

4ro' 

29“20' 

30“22' 

Carlionic acid 


25“ 

26“50' 

35“50' 

49“50' 

48“19' 

Sulphur dioxide 

25“ 

33“20' 

32“33' 


62“30' 

6r22' 

25“ 

40" 

39"24' 


The calculated values were obtained ‘from the principle 
that sine of angle of incidence ; sine of angle of refraction 
= velocity of sound in air : velocity in the gas= \/(density 
of gas) : \/(density of air). 

’ Tyndall, Sounds chap. vii. ^ Phil, Mag. 1892. 

® Jiinalcs de Chimie et de Physique, 1859. 



ClIAPTEK XI 

VKLOtMTY OF SOUM) 

Tmk velocity of a lonnitiulinal wave in any sulistaricc is, 

in the genofal case, given by Newton’s fonniila /■-- . / *’* 

' A ’ 

where M is tlic elaslieity — Viuing’s inodnlns for solids, and 
the ratio of a small increment of pressure to llie (l•(‘lative) 
decrement of volume thereby produced for li(|uids and 
gases) — and A the density. l>y Young's modulus is meant 
the ratio of a small imrrement of pressure to the resulting 
diminution of length. 

In gases the elasticity is numerically equal to the 
pressure, for if 1* and V be the pressure and volume at 
any tcm})e!’ature, then a small increase p in the pressure 
will produce a corresponding decrease v in the volume. 
Now, by Boyle’s law, (P + p)(V - r) = 1*Y, or * = 

and by division 1 + 1 + y + + etc., whence 

= ^ (neglecting squares and higher powers, since v is 
vei'v small comparcd‘with V) and P=r^^-. But by the de- 
finition 77 -f-y is the elasticity and therefore = the pressure. 

The length of a column of gas of uniform density, whose 
■weight is equal to this pressure, corresponds to what has 
been called the “ tension-length ” in the case of a string 
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(p. 27). When ail- is in (piostion, Ihis is called tho hciglit 
of tho liomogoiicoiis atmosjihcrc. Tho velocity of sound 
in any gas is (apart from thermal considerations) equal to 
that of a body after falling freely under gravity from a 
height = half tho length of this column. Take the case 
of air, the normal pressure upon it is 76 x 13-596 x 981 = 
1013663-376 dynes to the sq. cm., and by supplying the 
value of A(-001293 grs. per cc.) we get the velocity of 

sound = second. 

This is Newton’s value, and is about J less than 
the true , one, as was known even in his day. Tho 
discrepancy was e.x'plain^d by Ijaplacc, who showed that 
the heat developed in the condensed {portion, as well 
as the cold in the rarefied portion, would both concur in 
augmenting the velocity, and, in fact, that the elasticity 
should be reckoned as -yE, Avhere y is the ratio of the 
specific heat of air at constant pressure to that at constant 
volume. ' , 

For air and elemcntjvry gases of low, atomic weight, the 
value of y is about 1'41, the square root of which is 1-187. 
Multiplying by this quantity we get r = 332.3 F cm, per 
sccondfcFhich agrees with the best experimenti^l^cfetermina- 
tioi^M^'n the limits of error. 

TOialatc of exchange of temperature between the con- 
densed and rarefied pulses depends on the nature of the 
gas, being greater with those of high radiative power, such 
as coal-gas, sulphurous acid, ammonia, ether vapour, etc., 
and less with hydrogen, oxygen, nitrogen, etc. In fact, 
the correction applies in its full value only to the latter 
class, while in the former it becomes very small. With a 
very slow frequency the equalisation of temperature would 
be nearly complete ; with a very high one it would not be 
fio : hence Newton’s formula is‘ approximately fulfilled in 
the one case, and Laplace’s in the other, independently of 
radiative power. 
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The velocity is not iiulopeiKh^nt of aniplilude: h very 
loud sound, on theoretical grounds, should tivivcl faster 
than one of moderate intensity,^ and in practice this is 
found to bo the case.‘^ 

As regards temperature, tlie resistance of a gas to 
compression increases with a rise, ami dimiiiisluis with 
a fall; the velocity being expressed by tlie formula 

v= + (d), where a is the coetficient of (expansion 

for F, (•003005), and t the number of degrees. ' When 
calculated out, the increase amounts to between 00 and 0 1 
cm. per second for each degree centigrade. 

A change in the pressuio alone has no eH\*ct, for it 
alters both E and A in the same proportion. A change in 
humidity alters A because moist air is lighter than dry air. 
The ju'oportion is very small, about 1 })art in 200 or 300, 
according to circumstances. The exact amount may be 
calculated from tables.- 

In solids the elasticity, and also the veloeity of sound, 
become smalhu’ for & rise of temporatur(\ In liquids they 
increase. The correction for heats is still applic- 
able o*^ tl^ same grounds as before, but is so to 

be negligible^. 

In practice the methods for finding the velocity 
in all materials usually resolve themselves into a dc 

* Sc(! Rov. S. Eani-shaw, rhil. Mag, 18t)0. Al«o \V. W. .Jacqiie.s, 
rkil. Mag. 1S79, “On tlie Velocity of Loud Sounds.’’ 

Tlio- ino.st iiitcre.sting example is lliat recorded in one of Captain 
Parry’s Arctic voyages. The Rov. .Jolin Fi-sher, astronomer to tin; e.Y- 
pedition, states that “ on tlie Dill February 1822 . . . tho otiicer’s word 
of command to ‘fire’ wa.s several times distinct !y lieurd, both by Cap- 
tain Parry and myself, about ono beat of the elnonomotor see.) after 
the report of the gun. Tliewor*! ‘ fire ’ was m-ver hoarfl daring any of 
tho other c.xperiments. Upon this occasion the night wa,s cidm and 
clear, the thermometer 25“ below zero (Fahrenheit), and the barometer 
28 '84 inches, which was lower than had ever been ohsorved before .at 
Winter Island." The distance was about 2§ miles. , No doubt can be 
thrown on the accuracy of this observation, hut it has hitherto remained 
an isolated one. 

VOL. IH 
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tion of Wiive-lciigth ;uid the corresponding frequency, but 
these experiments only give its vahm in a wire, rod, or tube, 
while theory gives it in tlie uulirriited medium, but it is 
possil)le to allow for this. Kirchholf obtained the following 
formula. Let /-- observed velocity in a tul)o filled with 
gas, V the velocity required, 2/’ the diameter of the tube, 

and u the frequency : then ?; = V where r is a 

constant for friction and conduction of heat. Using two 
tubes whose radii are and f.,, and the same frequency, we 
obtain 

V= ^ 

The theoretical value of c is ’00742 : by cxi)crimcnt it is 
•008.1 

Exercific . — Test the al>ove foi’mula, using the same fork, 
and tubes of diflerent dianieter.s, and making a correction 
for tempci'ature, as explained above. 


Velocity in ylir 

Of direct methods the folhnving, due to Bichat (Nature^ 
November 28, 1878), may be de.scribcd. An iron tube 10 m. 
long is bent so that the branches lie .side by side, and one end 
is closed by a stretched sheet of indiarubber. An opening 
in the tube near this is connected with a manometric capsule 
(see p. 186), the other end is closed by a stopper also joined 
up to a caj/sulc, and both of these have styles attached, so 
that when agitated they make marks on a blackened re- 
volving cylinder. A wave is started by tapping the sheet 
of rubber, and the time interval between the marks is found 
by comparison with the wavy curve traced by a tuning-fork 
on the same cylinder. 

Another method, devised by Bosscha, consists in causing 
’ J. W. Low, Miiij. Se[)t. 1894. 
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two sets of simultaneous clicks to l)c made, at the rate of 
10 per second by an electro-magnetic contrivance, one set 
being near the car, and the other at a distance which can 
be varied. The latter is moved away till the clicks from 
it arrive exactly one interval late : when this haiijiens, the 
sound traverses a known distance in a known time, hence 
the velocity can be calculated.^ 


ExrKlMMIlNT XCH 

Vdocilfi of Sou III I in Air. I 

Apparatus as for Kxpt. XXIX. p. .‘15. 

Find the length of maximum riisonancc as before, add 
■8 of the radius of the tube, and multiply by the frequency. 
Take the temperature in the tube, multiply Ijy 01 to get 
the nunilier of cm. pei* second, and subtract to get the 
velocity at O '. 

Example . — A tube lov'l cm. long by 2'0 cm. diameter 
resounded to r" = 512 v.s., temperature 1 6 ‘O'’ C. 

The calculated velocity at this temperature is 5 1 2 x 1 
X (ir)'3 ‘8 X 1-;]) ; d.’MO^) cm. per second. At O'’ it 

would be 10 x 01 cm. per second less, or 32487. 

Kxfkhimknt XCIII 

Velocifij of Sound in Air. II 

Eequired. — Tube of glass or metal about a metre long 
and 3 cm. wide. Also an outer tube or cylinder stopped 
at one end, and wide enough to contain the preceding, but 
its length need not exceed J m. This tube is nearly filled 
with water. Tuning-forks and clamps to hold the tubes. 

In this experiment, find first the shortest length of 
column which will resound to each fork, and then the next 


Po<j(j. Aim. vol. xcii. 1S54. 
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longest. The difTcrence between the measures is half a 
wave-length for that particular note, because there is a 
node at the water-level in each case. The following arc 
some results obtained ; — 

Fr(‘([U(‘iicy o! forks .... 256, 320, 381, 445, 512. 

Di.slancti frotu end of tube lo Lsl, liodc 31*6, 27 *4, 20*5, 17*3, 15*0 cm, 
„ „ 2nd,, 97*8, 80*4, G4 *8, 55*2, 47*9 „ 

Differences ( = 4 wave-length) 66*2, 53*0, 44*3, 37*9, 32*9 ,, 

Multiplying by twice the frecpiency in each case, we 
get the values of the velocity ‘138*9, 339*2, 339*4, 337*3, 
336*9 m. per second. 

Mean = 338*6; temperature 16*4^ Kcducing to 0“ 
by subtj'acting *6 x 16*4 m. it becomes 328*<8 m. per 
second. 

A very fail’ degree of accuracy may be obtained by this 
method when every precaution is taken to ensure success, 
c.g. rating the forks and making a temperature correction 
for them, allowing for humidity as well as temperature in 
the air itself, and making a largo number of experiments.’ 

A still longer tube gives other positions of maximum 
resonance as the successive nodes are reached, but they 
gradually become less well defined.'^ 

Experiment XCIV 
Velocity in other Gases 

]!e(/i(ired. — Glass tube dipping into water, us in Expt. 
XXIX. ; delivery tube reaching nearly to the bottom, and 
■supplying the gas experimented on (which in this case must 
be heavier than air) ; tuning-fork. 

The mode of conducting the experiment is the same as 
tliat already described. A gentle current must bo kcjit up, 

** ^ See a pajier by D. J. Blaikley, Phil. Afag. May 1879. 

Mayer, Phil, Mug. March 1894. 
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and the position of TnaxiimiTn resonance found as usual 
Carbonic acid is most convenient for the purpose. 

A more accurate determination can bo made l)y also 
o])taining the second node and measuring tlic distance 
between them, as in Expt. XCIII. : in this way the effect 
of diffusion can be avoided. 

When the gas is lighter than air, e.fi. coal-gas, a tube 
closed by a movable plug must be used, and held in an 
inverted position. The correction to be added for the 
diameter of the tube is applicable in all cases. 

The values obtained may be compared with the calcu- 
lated ones, derived from the formula v-Y where v = 

velocity required, V = velocity in air, d' = density of gas, 
and d = density of air ( = *0013 grs. per cubic cm.). The 
ratio 7 has a different value for each gas, so that the 
formula gives only an approximately correct value. The 
following are some experimental results : — 

Carbonic acid 257*3 m. ih‘V .second. 

Hydro^ani 1237*t) ,, ,, 

ELlior vapour 175 ‘8 ,, ,, 


Experiment XCV 
Kuiulh Method 

Hcquired . — Apparatus shown in Fig. 65. BB' is a glass 
tube, I J m. long by 3 cm. diameter (a much smaller one 
may be used, but the effects are then less easy to obtain). 
It must be quite clean and dry inside, and at one end it is 
closed by a cork h, fitting somewhat tightly, but capable of 
adjustment by a wire handle. At the other end a bored 
stopper KK is placed, which admits a brass or glass tube 
AA', about 1 m. by 1 cm. The latter is surrounded for 
nearly half its length by the outer tube, and carries a. disc 
a, which nearly touches it all round. Both tubes, but 
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the outer, re(iuire to l>e held in position ])y 
clamps. To make an experiment a small quan- 
tity of lycopodium or dried precipitated silica is 
introduced into tin? si)acc uB and made to lie 
evenly along the bottom. Now on stroking the 
inner tube with a I'csined glove or a piece of wet 
cloth the powder gathers into heajzs at regular 
intervals as shoivn. If it docs not do so at first, 
alter the position of the plug h. Measure the 
distances between the heaps and take the mean 
of several experiments. With an inner tube of 
the length taken this is about G2 mm. If we 
know the frequency of the tul)C AA' vibrating 
longitudinally, we have ouly to multiply twice 
the distance between successive heaps by this 
number to obtoin the \ elocity required. 

The theory of the method is that by the to- 
and-fro motion of the disc a series of stationary 
waves is set up between a and h, just as when a 
long indiarubber tube is attached to a support at 
one end and agitated at the other. The powder 
collects at the nodes, so that the distance be- 
tween any heap and the next is half a wave. 

Since the air in oh vibrates in the same 
manner as the material of the tube AA' {ie. 
longitudinally), and the rapidity of vibration of 
each is the same, the half-wave in air (or distance 
between two successive heaps) is to the half- 
wave in AA' (the length of the tube) as the 
velocity of sound in air is to that in the material 
of this tube. Hence we might find the velocity 
in brass, copper, glass, etc., without any difficulty, 
but unfortunately the method, so beautiful in 
theory, fails to give accuiate results (for solids) 


in practice. It is found that in no case are the heaps 


equally spaced, nor is the pitch of the sounding tube quite 
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uniform. Whmi tho of the tube is not .ui intcgrul 

multiple of a (jiiarter wave-length the dust lii'.s in trun.s verso 
strijB, liccausc the particles experience a force tending to 
separate them longitudinally, but to unite them trans- 
versely. When gripped by sheets of indiarubber covered 
with silk the joint is not so rigid as with a cork or stopper, 
and yet is air-tight. By filling the outer tube with coal- 
gas, hydrogen, carbonic acid, etc,, and again finding the 
distances between the heap.s, the velocity in these gases 
may be found: it is of course proportional to the wave- 
length when the frcipicncy is tho same. In some of 
Kundt’s experiments thcu'c were two outer tubes, one at 
each end, containing air and the oth(?r gas lo.spi^ctively. 
The sounding tube was made to vibrate in its second mode 
(with two nodal points), and thus both gases were under 
identical conditions. 

This is the general method for finding the velocity of 
sound in a gas, air being taken as the standard, and upon 
it is based the determination of tho quantity y, which 
gives a clue as to whether a gas like argon, say, contains 
two atoms to the molecule or only one ; in the former case 
work is done upon the molecule itself, and a proportionate 
(piantity of heat disappears in molecular energy ; in the 
latter there is no such absorption. The inner tube is not 
really necessary, for introduce lycopodium all along the 
tube BB', plug it at both ends and clamp it in the middle, 
then make it vibrate by stroking it, and the powder 
lies in distinct forms which mark out so many half- 
waves. 

The formula v ^ gives y ~ where A is the 

density of the gas (in grams per cubic cm.), v the velocity 
in cms. per second calculated from the olisorvation, and E 
the elasticity, which we have seen is equal to the pressure, 
viz. 76 X 13-596 x 981 1013663-376 dynes per square cm. 

under tho standard conditions. 
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Taking air as an exaiuple, wc have at 0°, v = 33200 and 
A='00i;i Hence 


33200' X -0013 , 
= lOfMCS 


The limiting value of y is unity, and the more it departs 
from this the less rapid is the equalisation of tem 2 )erature 
between a condensed and a i-arefied jmlse. 


ExPKllIMKNT XCVI 
V^locUij of Sound in a IFire (O' Jiod 

liequired. — Sonometer ; resined rag ; bow ; etc. 

Tune one wire, which is to be used as a standard, to a 
known frequency, say c" = 512, measure its length (L), rub 
the experimental wire longitudinally : it will give a note 
of high pitch. Slide the movable bridge along the other 
wire till the shorter portion (vibrating transversely) gives 
out this same note ; let its length be I Then, since the 
number of vibrations is inversely as the length, we have, 
Avhere n is the number required, ~ This is also the 

frequency of the longitudinal vibration, and, since the wire 
vibrates in its simplest mode, it comprises half a wave- 
length, The velocity is now found by multiplication. 

Exariipk. — A brass wire 1 m. long rubbed loiigitudinally, 
gave the same note as 3‘1 cm. of a wire, which in its whole 
length, 99 6 cm., gave 512 v.s. vibrating transversely. 

The frequency corresponding to 3T cm. is = 

1645, and the velocity in brass wire=1645 x 2 m. = 
3290 metres per second. When a more accurate deter- 
mination is desired, a special form of sonometer is used, 
longer than the ordinary one, and having massive clamps 
at each end. The pitch is indei)endcnt of the tension. 

The velocity in tul>es of glass, copper, brass, etc., may 
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be found in a similar way, holding them as shown in Fig. 

66 . 

By calculation fi-oin the formula we may check 

the experimental i-esults. The following are some values 
of E, A, and v : — 


Glass 

E 

. r.-74to 6-03x1011 

A 

2-5 to 2-7 

4800 111 . per second. 

Brass 

. 0-48 ,,11-2 xlQii 

8-5 

3420 „ 

Copper 

Steel 

. 11-72 „ 12-34x1011 

8-3 to 8-9 

3730 

. 20-2 24-5 xlOii 

7-8 

5340 


It must be observed that the formula gives the velocity 



Fio. cc. 


in an unlimited medium, whereas experiment gives it in a 
wire or tube. The latter value should be multiplied by^| 


or T224: to bring it up to the calculated one. 

Exercise . — Find the ratio of the velocities of longitudinal 
and transverse vibrations in a given wire. 

According to theory ^ the velocity of transverse vibra- 
tions is and of longitudinal, vi= ^|; hence 

= VFl'’ .r \/-r ==’\/f 

where E and T are both measured in dynes. If we put 


1 See p. 27. 
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U - SO tliilt F is tli(5 stretching force per unit of area, 

tin'll - = V / This result should he tested. As a force 

vt 'V F 

equal to E would instantly snap any ordinary wire to which 
it was applied, while T is generally well under the break- 
ing limit, the velocity and 
hence the frequency in a wire 
vibrating longitudinally is 
much higher than when 
vibrating transversely. 

VelociUf in Liquids. 

The same formula v ■- 
/y/| enables us to calculate 
the velocity of longitudinal 
waves in liquids : some values 
of 'D are given in the following 
tiible : — 

Water 1431 m. per sccoml at 8“ 
Aleohol 1172 „ 23“ 

Etlier 1155 ,, 12“ 

Direct methods are only 
possible in the case of water, 
but there are two indirect 
ones which are available. One 
is to force the liquid under 
consideration through a metal flageolet, as indicated in Fig. 
67, and obtain the fre(]ucncy by any of the usual methods. 
The wave-length is twice the distance from the lip to the 
first open hole. In the figure the holes are all open except 
the first. 

Another method is to fill a tube such as is used for 
KuJidt’s experiments entirely full of water or other liquid, 
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and to introdnco some fin(5ly divided iron (ol)tained 1)y 
reduction from the oxide) instead of lycopodium or silica. 
The apparatus is described in Nature^ fJune .3, 1875; it 
appears that the thichne.ss of the walls of the tube has an 
iiiHuencc on the result. With water a velocity of 1040*4 
to 1382 m. per second was calculated. A direct deter- 
mination in the Lake of (leiieva by Colladon and Sturm 
(1827) gave 1412 m. per second at 0\ 

Melde (Phil Mag. Feb. 1892) has obtained the velocity 
in membranous substances by finding what note a certain 
length of each gave when rubbed longitudinally. The 
following values are quoted from his paper. Paper soaked 
with waXj 3040 m. per second, satin ribbon 1 950, string 
1720, cotton 1280. 



CHAPTEJt Xll 

DOPPLEH’S 1‘IilNCIPLE, AND INTENSITY OF SOUND 

When a source of sound approaches or recedes from the 
car, more or fewer waves are caused to meet it than if it 
were stationary, and when the motion is sufficiently rapid an 
appreciable rise or fall in pitch is observable. This is known 
as Doppler’s principle, and in Optics it has been applied with 
great success in determining the motion of the stars to- 
wards or away from the earth, by finding the extent to 
which lines in the spectrum arc dis])]accd towards the 
violet or red end, and calculating 'what amount of mutual 
approach or recession would bring about this cliange of 
refrangibility. In the case of sound the phenomenon 
presents itself when a locomotive blowing a whistle rushes 
past an observer, who is apt to fancy that the handle of the 
regulator has been turned lir.st one way and then the other. 


Faperiment XCVn 

Required . — Small organ pipe; rubber tubing. 

Let one observer take the tube, which is about 2 m. 
long, and having attached the pipe to one end, let him 
swing it in a horizontal circle above his head, while he 
blows through it at the same time. To another observer 
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DOl'l'LER’H PRINCIPLE 

in a diflererit part of the room the pitch rises and falls 
according to which side of the circle the pijie is on, ap- 
proaching or receding. 

The velocity of rotation may be calculated roughly 
from the diflbrence in pitch. Thus suppose the pipe has 
a frequency of 1021, and that it appears a chromatic 
semitone sharper on the one side than the other. This 
means that the fluctuation is nearly 30 v.s. on each side. 
Taking the velocity of sound as 33800 cm. per second, 
the alteration of pitch (see below) is (a 

chromatic semitone), from which a=^-7 m. per second. 
If the radius is I j- m. the circumference is Stt or 9 ‘4 m., 
and dividing l)y 9 ’7 we get 1 second, nearly, as the time 
of a revolution. This may be compared with the observed 
time as taken by a watch. 

The complete investigation of Doppler’s principle, 
taking into account all jiossible varieties of motion, is as 
follows.^ 

Lot a, ft', and m be the velocities of the observer, source 
and medium respectively, all resolved in a direction from 
the source to the observer (evidently displacements in a 
direction at right angles to this would not aflect the 
result). Lot n be the number of vibrations per second 
})erformed by the source and v the velocity of sound in 
the medium. 

Then v + ni = the actual velocity of sound (be. relatively 
to the earth), and r + w-fl' is its velocity relative to the 
source. Hence the wave-length is Its velocity 

relative to the observer is r -t m - ft, hence the number of 
waves which roaches him per second is — — . x 7l this 

* V |- W, - (I 

being the velocity relative to the observer divided by the 
wave-length. In general the source only is in motion, so 
that m and a both ~ 0. Then if n have the same meaning as 

^ Deschaiifl’s rhysics, by Everett. 
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before, is the wave-length, and v is the velocity of 
sound relative to the observer: so that or 

n X , is the effect of the motion, according as it is from 

r±(i ’ o 

or to him. 

Intcmity 

We can only consider this sul)ject theoretically, as it 
does not lend itself to experimenUd treatmcrit, especially 
on a laboratory scale. The ear is not capable of estimat- 
ing the relative loudness of two sounds with any accuracy, 
even if they are of the same pitch. A\'hen they are not, 
the higher is apt to a])pcar the louder : for example, when 
a siren is l)eing worked uj) it appeal’s to get louder and 
louder as the pitch rises, though the expenditure of energy 
is no greater than before, but rather hjss. The mechanical 
intensity of a vibration, then, is not the measure of its 
loudness as judged by the ear; in fact the latter, within 
certain limits, appears to be invers(!ly proportional to the 
wave-length. From a mathematical i)oint of view, the 
intensity of a sound is inveisely as the s(|uare of the 
distance, and directly as the scpiare, of the amplitude of 
vibration. Considering the former first, if any influence 
be radiated uniformly in all directions from a point, with 
no loss in transmission, the total intensity over the sur- 
face of a siihere, whose centre is that point, is the same 
whatever the radius, but over equal areas on different 
s})heres it will vary inversely as the scjuare of the 
radius. This follows at once from the expression for 
the surface of a sphere where r is the radius), and is 
equally true of light, gi-avitation, etc. We observe that 
the amplitude must necessarily diminish inversely as the 
distance. 

In practice, the intensity of ordimuy sounds is affected 
to an extent not usually comprehended, by reflections from 
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walls or other hard surfaces, whethei* in a room or out- 
side. The noise of traffic in a narrow streiit, for instance, 
or of games in a courtyard, is far more deafening than 
in a space not hounded hy walls, other conditions being 
the same. So also in a large room, a speaker’s voice 
is much more audible than it would be at an equal 
distance in the open air, but whether the syllaliles are 
recognisable or not depends on a number of other circum- 
stances. 

The amplitude or extent of excursion of the particles is 
also a factor in the intensity for obvious reasons. How 
excessively minute it may be and yet aflect the ear is 
shown by a tuning-fork, which can bo excited by the 
lightest touch, provided it is sudden enough ; hero the 
amplitude is amongst the smallest of measural)lo magni- 
tudes. The intensity, howiwcr, is not proportional to the 
s(juare of the amplitude of the fork, or its loudest sound 
would bo more than ten thousand times its weakest, which 
cannot bo admitted. 

According to theory, the mechanical cflcct I of a pen- 
dular vibration of period t and amplitude a, in a medium 
of density p, is I = 27r^p'J,. When this is didivered with a 

velocity V, the quantity of energy per second is V. 

From this formula Loi'd Kayleigli obtained a measure of 
the maximum amplitude of vibration in a shrill whistle 
as follows: — Air was supplied at the rate of 19G cubic 
centimetres per second under a pressure of 9 ’5 cm. of 
water ; the frequency or number of vibrations per second 
was 2730, and the extreme range of audibility was 820 
metres. Under tlu^ conditions of the experiment the velo- 
city of sound (V) was 34,000 cm. per second, and the 
density of the air (p) was -0013 {i.e. one cubic cm. of air 
weighed '0013 gr.). The work done by the air passing 
through at the given rate = 9*5 x 19G x 981 dynes, being 
the same as would be done by a mass of 9 '5 grs. falling 
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by gravity through 196 cm. K(]uating the two expressions 
for work done, we have 

27r"if‘»p~ V ^ 9 -r. X 196 x 981 , 

whence 




9-5 X 196x981 


82000‘'^x -0018x84000 


X 2780“) 


= ■000,000,081 cm. 


It is assumed that all the energy i.s turned into sound, 
that there is no loss in transmission, and that the wave- 
fronts are hemispherical. 

When the sounds are loud and the distances consider- 
able, as in fog-signalling, many causes combine to interfere 
with the theoretical law of audibility at a distanci?, for 
instance the influence of wind, not only in hcljiing to con- 
vey or retard thi*. sound, but in altering the shape of the 
wave -fronts, so that with the wind the intensity is as 
great near the surface of the ground as it is anywhere, but 
against it, it is less than at some distance abovc.^ 

‘ Osborne ReynoUls, /'w. Jloy. So<\ 1874. 
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MUSICAL SCALE 

Expkuiment XOVIII 
Required. — Son ometcr, etc. 

Tune both the wires to give any convenient note, say e of 
the treble stave, with 256 vibrations per second. 

Now, clamp one wire by laying a feather on its middle point, 
and i)luck or bow either of the halves. The note emitted 
is the higher octave, vi/. c . vSound the other wire at the 
same time, and if necessary make a slight adjustment to 
get the interval correct. The two sounds blend together 
in so perfect a manner as to show that one is merely a 
reproduction of the other on a higher scale. We have 
learnt that the number of vibrations of a wire (called 
u for short), other things being equal, is inversely pro- 
portional to the length, hence the octave of any note 
is performed by vibrations. Next damp the wire 
at of the distance from either end, the note we get 
now from the shorter portion is //", and is of course 
due to 371 vibrations per second. Continuing in this 
way we get the notes d” e" (/" c"", etc,, which form what 
is called a Harmonic Scale. Several of these may be 
recognised in the tone of the “open” wire (see Expt. 

cm.). 
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Now, usiiii; Olio wire only for the present, put the 
niovjihle bridge at z from one end, and pluck l)oth [)arts 
together. Aw agit^eablc concord is produced, due of course 
to frequencies in the ratio of 3 : 2 ; this interval is called 
a Fifth in music for a re.ason we shall see jwcscntly. 
Notice that so long as the bridge is in the same j)lace, the 
liarmonious etlect is ]}reserved whether the tension ))e raised 
or lowered ; oi’, in other words, it depends on the ratio 
between the fr(‘quencies, not on their absolute value. 

Try in the same way I he ratios 3 : *1, 4 ; d, b : 6, etc. 
Notice that as these approach unity, the nioi’e imperfect 
the harmony Iteconies. 


E.XmtIMKNT G 

Now from the two wires ()l)tain the ratios 4 : 5 : G as 
follows. Both being in unison, put the bridge at the § 
mark under one, and tlic ?, mark under the other. Thus, 
supposing each wire is 100 cm. long, we get on one lengths 
of 40 and GO cm., and on the other of 50 cm. Pluck all 
three together, and notice the purely harmonious effect. 
We have here what is called a Major Triad : again it 
depends only on the ratios, and not on the absolute values 
of t^e numl^rs, as we may sec by tuning the wires to any 
a piano this corresponds to striking the 

and in the following experiment the notes 


Expkrimknt 01 

Next obtain the ratios 10:12:15 or ^ | J thus. 
The 5 mark on one wire will give us 10 : 15, and to get 
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1 2 on the other, damp it at I ‘j from one end, or what is 
the same thing, if the scale on the hox is divided into 100 
parts, move the bridge to 48 instead of hO, and pluck the 
shorter portion. Wo get now from the two wiri’s together 
a Minor Tiiad ; it at once strikes us as having a mournful 
character as compared with the other, Imt numericnlly the 
ordy difVereiicc between them is this, that whereas in the 
Major the interval 4 : 5 comes between the first two notes, 
and 5 ; G between the second two, in the Minor it is just 
the levcrse. 

Upon these triads our Musical Scales arc founded, 
thus : Cull the notes, whose freipiencics are as I : 5 : (5, 
C, K, (t, respectively. Take the last of them as the found- 
ation of a new triad, denoted by (I, B, 21), so that 
G ; B : 21) are as 4 : 5 : G = G : 7^ : 1). Wo must not ex- 
tend beyond the octave, and as the third member of this 
triad is represented by 9, whereas 8 is the limit, we call 
this note 21) instead of D. Lastly, using 20 as the 
highest note of a third triad, of which the other members 
are called F and A, we have F : A : 2C as 4 : 5 : G. These 
arc the tonic, dominant, and sulHlominant triads of the 
scale of C. To obtain the ratios between two succes- 
sive notes C and D, for instance, we find that 0 : G = 2 : 3, 
and G : 2l) as 2 ; 3. Filiminating G, then C : 1) = 8 : 9. 
Broceoding similarly with the intei-vals G : E, 0 : F^ etc., 
we get the complete scale or gain at, thus — ^ 

0 D E F G A . B 20 

9 5 4 3 5 15 

^ 8 4 3 2 3 T 

The wMsical intervals between these notes arc denoted 
by their positions in the scale, thus C to I) is a Second 
(usually called a tone), C to E a Third, C to F a Fourth, 
and so on. 
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Reducing all these fnictioiis to a common denominator^ 
find keeping the numerators only, they become — • 

24, 27, 30, 32, 36, 40, 15, 48, 

C I .) E V C A P> C 

showing that the greatest ditrerenee is between A and R, 
and the least between E and F. Since the ratios and not 
the al)solute differences arc all-important in music avc have, 
dividing each of these numbers by the preceding, and 
reducing — 

D_9 K_10 F_16 (;_0 A 10 b 9 C_16 

c~8’ D'o’ K~ir.’ F"8’ a'^'s’ R~ir? 

The interval I- occurs three times, while and ] each 
occur twice. The first is called a major tone, the second 
a minor tone, and the third a majoi’ semitone. The 
words major and minor have merely a relative significa- 
tion. The interval from to or is called a comma^ 
and for ordinary purposes may be neglected, so that on the 
whole there arc practically only two dillerent intervals, the 
tone and semitone. 

So far, the scale is very ineoniplete ; it contains oidy 
seven intervals, of which five arc whole tones and two 
are semitones. Moreover, if any other note, say D, were 
taken as the foundation of a scale, and the series which 
bore to it the ratios -J, a, etc., were calculated, we should 
find that most of them were different from the previous 
series. The minor triads also require consideration, and 
involve a different scries again. Since in musical composi- 
tions the melody must at least be able to shift into any key, 
the number of notes reciuired to preserve the theoretical 
relations throughout is very large, and tpiite beyond all 
practical convenience. To obviate these difficulties, instru- 
ments with fixed notes, like the piano, harp, and organ, are 
tuned in the .system of equal temperament, where the octave 
is divided into twelve equal intervals, not one of which 
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is absolutely correct except the octave itself, but the 
mechanical advantages are infinite. 

Instruments whose notes arc adjusted by the performer, 
more particularly those of the violin trilie, as also the 
human voice, ai‘c not so restricted, and when guided by 
correct feeling, they can and do produce much more jicrfect 
effects than the piano or organ, a very minute shade making 
all the difference between complete precision and mere 
approximation. The Thirds suffer most, and the Fifths 
not quite so much, on the equally tempered scale,’ 

According to the convention of Helmholtz, the midtile 
c of a piano with 256 vibrations per second is called c, 
the upper octaves arc c'\ etc., and the lower ones r. 
(128), C (64), (52), (16). In the French convention 

the middle c is called vf.^, and so on. 

Notes of the Scale 

Calculating the successive lengths of wire rcipiired to 
give the notes of the scale, we find that calling C the note 
of the open wire, supposed 1 m. long, I) is got from of 

it, and it must be damped at 88 '9 cm. ; for the other 

notes, E, F, G, A, 13, C, the positions are 80, 75, 6 6 ‘7, 60, 
53*3, and 50 i-espcctively. 

Experiment Oil 

Lay a feather or the edge of a cai'd on the wire at the 

points just found and observe the succession of notes. 

Keep the other wire in tune with the lowest note all the 
time, and sound it along Avith all these in turn. Notice 
the discords of the 2nd and 7th, and the harmony of the 
remaining combinations ; also that a very slight difference 
in the position of the damper is suflicient to set up a per- 
ceptible degree of harshnes.s. 

* Sec Appendix II. 



CHAPTER XLV 

HARMONICS OR UI’l’ER RARTIALS 

With the exception of a tuning-fork and a wide stopped 
pipe, hardly any musical instrument gives a simple tone, 
?>. one due to a pendular vibration; as a rule, several 
higher ones are present, due to some multiple of the rate 
of vibration of the fundamental These tones are desig- 
nated overtones, harmonics, or upper partial tones, while 
the fundamental is also called the prime tone or first 
partial. It is perhajis lietter to restrict the word harmonic 
to the partials whose frequencies are integral multiples of 
the fundamental ; in pra(;ticc they seldom are. In some 
cases the upper ])artials arc very conspicuous, and over- 
power the fundamental, but the latter determines the pitch 
of the note. They are very prominent in reed jiipcs, 
sirens, liells, and instruments of percussion, but by no 
means absent from the tones of a piano, organ, violin, etc. 

In the less musical of these instruments many of the 
partials are itiharmonic with one anothei-, and the effect is 
to this extent discor<lant, but in strings they form, in theory, 
a harmonic scries, the frecpieiicies following the natural 
numV)ers. We can name tlui intervals from the fractions 
1, [I, 4, i!, fb 'h, for taking the numbers 1, 2, 3, 4, 5, 
6, 7, 8, 9, 10, 11, and 12, we see that the first upper 
partial is the octave of the fundamental, the second bears 
to this the ratio 3 : 2, and is therefore the Fifth above the 
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octave ; the third is to the second as 4:3, interval of a 
Fourth, the fourth to the third as 5 : 4, a major Third, and 
so on. The only prime numbers concerned in the gamut 
are 2, 3, and 5, so that the sixth upper partial, with a 
frequency seven times that of the fundamental, has no 
place in it. This is the first note which introduces a slight 
discord; the eighth partial is still more objectionable, and 
should be got rid of. In a piano this is done by lotting 
the hammers strike at about } to from one end of 
the wires, and so creating an antiiiode where those partials 
require a node. Under these circumstances they are not 
evoked (see Fxpt. CIV.). Proceeding a little farther, wc 
come to the intervals 10:9 and 11:10, these arc also in- 
harmonious combinations, but by this time the intensity of 
the partials is generally very small. 

Several partials. may be recognised in a pinno-wiro thus. 
Raise the damper of the note r, in the ba.ss clef 
strike the octave somewhat forcibly, and then release it : 
the note is now continued from the lower wire. The 
observation may easily be repeated with the twelfth and 
double octave. Now strike the note c alone, and listen for 
the upper partials one after another. 


Upmi Partials or’ a Strinij or Wirk 
ExrKRiMKNT cm 
JicAjuired. — Sonometer and bow. 

Tune both wires accurately to the same not(?, press a 
feather lightly on the middle of one, and draw the bow 
along cither half. Now stop this wire altogether, and the 
octave or first upper partial will b(i given out from the 
other. Excite either of the wires, and the octavo can be 
heard by directing the attention to it ; just as when several 
people are talking at once, it is possible to listen to one 
alone by an effort of will Repeat the experiment, laying 
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the feuthor on one of the points of trisection, and bowing 
the sliorter portion; the passive wire will continue the 
sound aftci’ the other is stopped. Here again this note 
can be detected when the open wire alone is vibrated. 

Expkrimknt civ 

It is exceedingly instructive here to verify an observa- 
tion of Dr. Thomas Young, viz. that when a wire is bowed 
or plucked at any point, all the upper partials which 
rtMiuirti that point for a node vanish. 

Having given the ear the suggestion of the note to be 
listened for (say the second upper juirtial), draw the bow 
or pluck the wire at a })oint of ti’iscction, and it will be at 
once clear that this note is no longer presemt. One can 
tell with ceT't;unty in fact whether a wire has been excited 
at this i)articular point or not. 

Continue the observations as far as the 5th or 6th 
upper partial. Also notice the ellect of laying a feather at 
diticrent points when the whole wire is vibrating. 

Expkkiment CV 

lleipiired — Sonometer ; short length of stiff wire ; light 
hammer faced Avith felt, or a piece of cork fastened to the 
end of a penholder. 

Pluck the wire asid<5 Avith a hard metal point, notice 
the jangling noise it gives, especially when jducked near 
one end. This is due to high upper partials Avhich, in this 
mode of excitation, have great intensity, even overpowering 
the fuiidamental. Hence we see that it is not a matter of 
indifference where the motion begins. Strike it in the 
middle with a soft hammer, the tone is poor and hollow, 
being Avanting in certain u])per partials, viz. the first, third, 
fifth, etc., Itecause these reajuire a node in the middle, and 
the best mode is that long ago arrived at by pianoforte 
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makers, viz. to use a soft hammer, and to strike at | or J 
from the end.^ 

^ Helmholtz {Semaliona of Tone, cluaptcr v. ) hits calculated the 
iuten.sitics of the partial tones of a .string according to the manner 
of excitation. The following is abridged from hi.s table 


Number of tin; 

Excited liy 

Htruc.k by 

Partial Tone. 

Pluckiii};. 

Hard Hanniici 

1 

100 

100 

2 

81-2 

321 -7 

3 

.56 -1 

.504 ■!) 

4 

31-6 

501-0 

5 

13 

324-7 

6 

2-8 

100 

7 

0 

0 



CHAPTEli XV 

UITEH PAUTIAL TONES OF WIND INSTRUMENTS 

Wk have seen (p. 81) that the po.ssil)le modes of vibration 
of an open pipe arc in the order 1, 2, 3, 4, etc., and of a 
closed pipe 1, 3, 5, etc. Hence it might be expected that 
the partial tones would also follow these ratios. Unless 
the pipes are narrow and cylindrical, however, the notes to 
which they resound are not the harmonic upper partials of 
the prime tone ; that is to say, if we tested the resonance; 
of a pipe for tuning-forks of ditterent pitches, those which it 
reinforced would not in general have frcf|uencies which w'ere 
exact multiples of the frequency of the fundamental. Hence 
wide pipes have few upper partials. When overblown the 
note jumps up an octave, or a twelfth or double octave. 
In organs the quality of tone is brightened on several of 
the stops by s<junding the upper partials on other and 
smaller pipes blown simultaneously with the principal one. 

In reed pipes the reed itself moves with a simple 
harmonic motion, and if held in front of a resonator tuned 
to the same note, gives a sound like a tuning-fork. But 
when it closes and opens an aperture the motion of the air 
is highly complex, and the pipe reinforces sucli components 
as coincide with its own upper partials. They can be 
separately recognised until the intervals between them be- 
come very close, ie. uj) to about the sixteenth partial, 
according to the ])iteh of the prime. 
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In the clarinet, oboe, and bassoon, technically called 
“wood-wind,” there is a thin wooden reed, single in the 
former, bnt double in the two latter. The clarinet has a 
cylindrical tube with a “bell” at the far end: it gives the 
partials of an open pipe, and the effective length of the 
column can be varied by opening and closing holes in the 
side ])y means of levers or the, tips of the fingers. 

The oboe has a conical tul)e, the reed is doul)lc, and is 
formed of the outer layer of a siliceous grass. The two 
blades arc placed at an angle with each other : they are 
very much smaller than the clarinet reed, and are attached 
to the end of a narrow tube, which is removed for safety’s 
sake when the instrument is not in use. The natural 
harmonics are the octave, twelfth, doulfie octave, etc., of 
the prime tone, but the missing notes are supplied as in 
the clarinet. 

Th(5 l)assoon is similar in many re.spects to the preceding, 
but the tube is (loul)lcd on itself so as to give an 8-foot 

tone, the 0, ; of the staff' Jiotation. 

The flute is a cylindrical wooden ])ipc, in which a sheet 
of air from the lips is directed against the edge of a wide 
hole in the wall near one end. Various smaller holes are 
bored at different points along the tube, these can be 
opened separately or together as desired. The instrument 
has li compass of three octaves, of which the highest is 
produced by overblowing. 

In the bugle and post-hoi-n (as in brass wind instru- 
meiits in general) the performer’s lips form the reeds, and 
are pi’cssed against a small cup-shaped metal mouthpiece. 
The tube is quite open from end to end, and the four 
notes it yields form a common chord, and are all upper 
partials of the fundamental. The other brass wind 
instruments, especially the horns, depend very largely 
upon up})or partials for their usefulness ; in all of them 
the lips act as reeds, and the change in the rate of vibra- 
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lion is brought about by altering their tension and the 
force of the air. By opening and closing valves and 
changing the “ crooks ” it is possible to obtain a comj)letc 
scale and play in several different keys; the tone is 
extremely i)enetrating owing to the intensity of the higher 
partials, and a single brass instrument can immediately be 
distinguished among any amount of “strings” and “wood- 
wind.” 

In the trombone there are no valves, but their place is 
taken by a “slide,” a U-shaped meLd tube which can 1»e 
moved backwards and forwards along two })arallel tubes of 
rather smaller diameter, which act as guid(!S to it. The 
position of the slide is judged by tln5 pt'i'former, who 
learns by practice exactly whc're to leave it to produce any 
given note. The other brass instruments, saxophone, 
euphonium, bombardon, etc., do not call for any remark 
here. 


Exi’Kui.mknt CVI 
Ptfrdxh of On/mi J’Ijks 

liequiml. — Organ-pipe ; resoiiators. 

Using a set of resonators, analyse the soujid of an oj)en 
and a closed organ pipe, giving the not(' of the lowest of 
them. The pipe cjin be tuned as on p. 80. With a 
closed pipe, which, as we have seen, cati only contain 
4 , I, 4 , etc., of a wave, the first upper ])artial is the Fifth 
above the octave, while the octave itself and the double 
octave are wanting : in an open pipe there are no omissions. 

►Sounds that have a brilliant and penetiating character, 
like those of a r(;ed pi])e or siren, are veiy rich in upper 
partials, those from which they ai'e almost entirely absent, 
c.//. a tuning-folk or large stojiped organ pijie, are sweet 
and agreeable, but dull in charact(!r. 

When the fundamental is itself very higli, the upper 
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difficult 01' iinpos.sil)le to recognise the instrument in such 
cnscs, }i]){irt from incidental noises. Thus ;in (extremely 
high note on a violin can hardly be distinguished at a 
dist/ince from the same note on a pipe, and so on. 

The analysis of the tones of other wind instruments can 
made in a similar way. 


U'}>i)er Fartiah of the Jfunmn Voice 

The tones of the human voice differ from those of other 
instruments in the same way as these differ among them- 
selves, ie. in the number and force of the upper partials of 
the prime tone. 

The mechanism consists of several parts : the chest 
j)ei’forming the function of a bellows, the vocal cords, 
which are really semicircular clastic menibnuK'ii, acting as 
reeds, and the cavities of the throat and mouth as 
resonators. Hy an effort of will the disposition of these 
parts can bo so arranged that any vowel sound can be 
sung to any note within the compass of the voice. Each 
vowel sound consists of the fundamental or prime tone of 
the note, with upper partials which vary in number and 
strength for the different sounds. The analysis can bo 
made by a trained oar to some extent, but with resonators 
it is more complete and certain. A piano can be used with 
considerable success as follows. Press down the forte pedal, 
thereby raising all the dampers. Sing one vowel sound 
after another into the top of the instrument and listen to 
the echo; each is reproduced quite clearly, though of 
course not with human expression. This proves that there 
is nothing in a vowel sound which is in any way different 
from the ordinary tones of instruments. Even a whistle is 
returned faithfully. We cannot, however, tell yet which 
wires are vibrating, but by the following method some 
notion of the correctness of the theory may bo obtained. 
Suppose we are dealing with an upright piano, the bar 
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M'hicli lioMs llif‘ (l;mi|)('r.s must Ik* removed, and also (he 
flame eanviii^ tin* lianiiners, ele., so as (o t'Xjiose all the 
M'ires. 'I'ill thi' iiisl laimeiil hy le( t I ml:; t he upper part rest 
on a chair, so that ( la* wii'cs are all inelimal at a e<tnvenien( 
anyie to the yroiind. With a Itori/ontal yoand, of course, 
soni(‘ of this lahonr can he spanal. Prepare a niimhcr of 
riders of paper oi' thin mica and put them on the wires 
w’hieh may he expec'tts] to \)hrate, and now on sinyiny to 
a partiimlar note they heyin to ."lide down the moment the 
ayitatioii lieyins. while those on other wii'cs I'cmain stati<in 
ary. The ampliimle of tin* shoil<T wir<-s is so e.xtrmnely 
small, liow'evt'i', that the e.xperiment is inconclusive as 
I'eyai'ds them. 

in any <a'e it does m<thiny moie than intro<hice tlu' 
■^llhjeel (»f the constitution of Movel soumls, which is an 
(‘Xti'emely diHieuli one. The h.irimmic tlx'ory, vi/. that 
the jiarlials are harmoni<-> of the fumlaiimntal, \aryin,y in 
pitch with it. and that the N'lwah lies in the predominance 
of certain of the>e, is con>ii!ere<l unsa(isfact<»ry. That each 
vowel has partials of Jixisl pitch w hich conf(>r the jiaiiiciilar 
ijiialitv upon it is also douhtful. There is a third vitwv, 
that the predominant jKirtiaP, in each cas(' are tlmse which 
aie nearest in ]»iteh to tin' resonatiny cavities of tin* 
mouth. 


( j I'll />]i ii'iil III fifi Ki'iifiit mil III ( 'mil jimi inl Tmu .< 

'I’he yvneral ))rinci|»h* is the same, as that desci-ihed on 
j). hS, ami consist.- in tahiny the alyehraical sum of the 
oi'diiiates <tf the ct’.iwes at dill'ei'ent jtoints alony the axis. 
Instead of tahiny two curves at random, we tiow take one 
to rejU'trsimt the prime, tone, a s(*cond of half the \\a\’e- 
leriyth and s.ay half the amplitude, <-<(rrespondiny t(» the tirst 
upper partial, another of one third the w;i\'elenyth and 
aiujditmh', and so on. all in the .same ph.ise at st irtiny. 
In Tiy. a conda'nation of six such harmonic curves i.s 
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sliowii, it niusl, Ik' nrtdt'rst.ood th;it in nir tlu; ampli- 
tudes ill no way aj)pi-na(‘li the diuMMisions icpreseiited, 
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liciitL^ always an exccodiiiyly small fraction of ilie Avave- 
lenylli. TIkt usually dimiiiisli as the partials yet liiyhei', 
but this is not neecssarilv the case. 


Anahjxix oj ( Toiicif 

The eonvers(‘ piohlein, to lind the simple harmonic 
comi)onents of any regular periodic curve, is beyond the 
]M)Wer of yrajdiical methods, but it can be done, with 
certain limitations, by a machine called a Harmonic Tnte- 
yrator. ddiat such an analysis is possible is shown by an 
exceedingly impoi’tant theorem due to Fourier, whicli 
proves that any such curve can always be resolved, in oidy 
one Avay, into sinijile harmonie curves whose period is 
4> ^Itit of the yiven curve. The conmalion of this 
theorem with Acoustics is made through a [irinciple enun- 
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dated sonic thirty years later liy S. Olini, that only a 
pendular vibration excites in the ear the sensation of a 
simple tone (?.c. one free from upper partials). It appears, 
further, that e\ery compound tone is resolved by the ear 
into its simple harmonic constituents by a mechanism re- 
sidin<^ in the cochlea. This organ contains many thousands 
of fibres, called after Corti, their discoverer, which are 
arranged in a kind of spiral ar(j;ide, and it was at one tinn^ 
supposed that each of these was tuned to and vibrated in 
sympathy with a particular note whenever the occasion 
presi'iited itself. The difficulties, mechanical and other, 
whicli lieset this explanation are insuperable, but some such 
analysis is accomplished, or no effort of attention would 
enable us to pick out the ]>artials of a com])ound tone as 
olijective realities. The vexed question of phase here 
assumes gieat jirominencc. We have seen that two or 
more curve.s can be compounded in a great number of 
ways, according as they start together, or at slightly 
different points. Now since the graphic diHcrences have 
an analogy in the pressures at different ])arts of a sound 


* This idea, goiieially attrilmted to Helmholtz, ciui he traced much 
farther hack. In a hook entitled /’hiiosojihif, in dialogue form, 
jniblished in 1703 hy Rcojamin Alartin, occum the following passage: — 
Kuplirunjiw. I observe it [the cochlea] with a great deal of 
pleasuic, and as tliis winding ]»assage grows narrower towards the 
summit, I ajiprclicnd the iibres of the auditory nerve, displayed 
througli the same, may be snj>posed to have some resemblance to the 
system of strings in a harpsichord, and that in this ]iart we may 
expect to find the true seat or cause of coneords and discords, or of the 
harmony and dissonance of sounds.” 

“ Cleonii'iis. ’\'our conjectures perfectly coincide with those of the 
most expcriemied naturalists, who have always conceived this to be 
the ease , . . for in such an infinite variety in the lengths of nervous 
cords it will always liapjien that some or other of them will be in 
unison, or some other concord, with the vibrations of the air impressed, 
and others in discord with the vibrations of the said air.” 

The Marijuis Corti published his re.st;arches on the organ of liearing 
in mammals in 1851. Pi'oviously to this, theories as to the nature of 
audition were merely conjectures, and even now the j>oiut is unsettled, 
though there is a much firmer basis to work on. (See p. 210.) 
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wave, it would appear that the sensations excited in the 
car must vaiy accordingly, Helmholtz held that they did 
not, and brought forward several arguments in support of 
this opinion. In order to combine a number of simple tones 
he contrived an instrument consisting of twelve tuning- 
forks with resonators, giving the prime and uppcjr partial 
tones of a note of 120 vibrations per second. All these 
were caused to vibrate simultaneously ly suitable electro- 
magnets, • but were not audible unless their resonators 
were opened. A small disc, attached to a lever, which was 
worked from a keyboard, enabled this to be done for each 
at will, while the resonator itself could be moved up to or 
away from the fork. By slightly shading the aperture, a 
(lillcrencc of phase was brought about, so that all possible 
combinations could be tried. No variation in the character 
of the resultant tone could be detected. The question is 
of vital importance to the theory of audition, because if 
the analysis by the ear takes place on the principles above 
indicated, phase difTercnces should be without intiuence. 
On the other hand, several observations, such as the 
“revolving’’ chnraeter of slow beats, seem to point to the 
conclusion that they do have an effect. Dr. Koenig (sec 
Appendix III.) has made many more experiments tending 
in the same direction, and at present the matter hangs in 
suspense. 
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INTEKFKRKNOE AND BEATS: COMBINATIONAL TONES 

The plioTiomona of interference and beats spring from the 
same cause, viz. the meeting of wave -.systems ; in the 
former case the effect is continuous, in the latter inter- 
mittent. Several instances of each liavc been alluded to, 
e.fj. an ear held over a Chladni's plate hears little or no 
sound at certain point.s (p. 55), neither docs a tuning-fork 
excite any sensation when held in a particular position 
near the car. Heats are noticed whenever two sonometer 
wires are ))rought into miison, and in other similar ca.scs. 


Experiment CVJI 
Interference produced bi/ lki>onators 

lieqnired.—YovV ; two resonators placed at right angles. 

Elie fork is struck and held in the angle between the 
jars, and then rotated on its axis. When the prongs 
are in a certain position, the sound is quenched because 
the waves meet in opjiosite phases, a condensation from 
one jar synchronising with a rarefaction from the other, so 
that the resultant effect is nil. If either of the jars be 
covered up, the fork is heard plainly. The interference 
can also be brought about by using a single jar, and 
tuiming the fork to the proper position. 
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Experiment CVlIl 
Interference of Two Organ IHpes 

Jtequircd. — ^iVo 4-fect stopped organ pipes of the same 
make. 

Mount them on the same wind -chest near to one 
another and blow the bellows : instead of the sound being 
twice as loud as before it become.s very much feeblci', 
because the pulsations adjust themselves so that one pipe 
is in a state of condensation while the other is in the 
opposite condition. The clTcct is liable to be interfered 
with by trifling circumstances. In organ -building this 
mutual influence of pipes is familiar, and where necessary, 
means are taken to prevent it. 


Experiment CIX 
Interference {continued) 

Required. — Helmholtz siren (see p. 49). 

Turn the handle, which works the upper disc, through 
45°, so that in the common circle of twelve holes the upper 
set are 15° removed from the lower. Now when the 
instrument is blown, the pulls below coincide with stoppages 
above, and in consequence the prime tone is much enfeebled. 
As the sound is very complex, however, nothing approach- 
ing to silence results, but certain of the upper partials 
become very prominent, viz. those whose period is not 
interfered with by the change. 

Experiment OX 

Interference jrroduced hy Surface Waves 

llequlred. — Shallow glass dish containing mercury ; 
funnel, filter-paper. 
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Fold a filter-paper in the usual manner, and cut ofT a 
small piece from the point.. Having put it in the funnel, 



Fio. 69. 

pour mercury in till it issues in a fine stream, and contrive 
matters so as to avoid si)lashing. Unless the agitation 
takes place exactly in the centre of a cii-cular dish, a 
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complex pattern is lu’odiiced on the surface, due to the 
interference of direct and reflected waves. 

In Fig. 09 the effect in an elliptical trough is shown, 
the stream falling at one of the foci. Notice the 15 con- 
focal hyiMirbolas, these mark the places where the original 
level is unchanged. Also notice that reflections from the 
sides throw the centres of the circles from one focus to 
the other, so that the figure is perfectly easy to reproduce 
])y simply drawing a number of circles round two points 
chosen at random, and diminishing the radii by successive 
steps {-h a wave-length). 


Exbeiumknt CXI 

Jnkrference of D'nvd ami Uejleded Sound- 1 leaves 

Bequired. — A Calton’s whistle. 

Make it give a sound well within the range of audibility, 
and hold it some 8 or 1 0 cm. from a wall. Move the ear back- 
wards and forwards on a level with the whistle, and it will 
be found inaudible at some points, and louder than usual 
at others. This is due to a state of things analogous to 
that in the previous experiment. It must be noticed that 
the places of silence are antinodes, where the density is 
constant. If reflection were perfect, a number of hyper- 
boloidal surfaces could be traced round the whistle as a 
focus, wlici'c no sound could l)c heard. 


Expkhimknt CXIl 

Iiiftirfeirace produced laj Dijl'creuce of Path 

Bequired, — Apparatus shown in Fig. 70. 

It consists of an arrangement of brass tubes such that 
a series of sound-waves produced by a fork at A is led in 
two directions and subsequently reunited. On one side 



166 


PRACTICAL ACOUSTICS 


CH. 


the path can be varied because the U-tube slides backwards 
;ind forwards as in a trombone. When the difTercnce 

amounts to half a 
wave - length, no 
sound is audible at 







(\ the two scries 
destroying one an- 
other entirely. If 
the paths could 
bo measured ac- 


curately, this would be a convenient way of finding the 
velocity of propagation (wave - length x frc(piency), but 
obviously it does not lend itself to this purpose. A difter- 
ence of li, 2J-, etc., wave-lengths would be Cfiually efiective 
if the slide were long enough. The apparatus may 1)0 made 
in glass by connecting two T-picces to the corresponding 
U-tubes by indiarubber joints. Suppose it is made for a 
fork of frequency ol2, the half wave-length corresponding 
to this is about 33 cm. at ordinary temperatures, and the 
tubes must be cut accordingly. 

Experiment CXI II 
JLipklns's Forked Tube 

The instrument is shown in Fig. 

71. The main tube is capped by 
a box over which a membr.ine is 
stretched, while below it divides 
into two branches. These are put 
over alternate or adjacent sections 
on a Chladni’s plate, with the result 
that sand sprinkled on the top is 
agitated in the fornnw cas(;, but not in the latter. This 
is, of course, due to the waves meeting in the same or 
in opposite phases. 
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IJeats 

When two notes very nearly in unison are sounded to- 
gether, the ear is not able to hear either of them separately, 
as it is when they are at an interval apart, but it is conscious 
of a throbbing effect, an alternation of sound and partial 
or complete silence to which the name of Beats is given. 
Strictly speaking, beats are the sounds, not the alternations. 

They are of great assistance in tuning instruments, 
because they cease altogether when unison is reached, and 
it is possible to recognise them when they take many 
seconds to complete. The method recommended by 
Scheiblcr, however, is to make both the sounds which it 
is desired to bring in tune to beat 4 times per second with 
one of fixed pitch. Here, by continuing the observa- 
tion long enough, the error may be indefinitely reduced, 
whereas in the ordinary method this is not possible. 

Beats of this class are termed beats of imperfect unison, 
or more shortly, unison beats. There are also beats of 
imperfect consonance, frequently called Smith’s or con- 
sonance beats, and thirdly, beats of overtones or upper 
partials. The subject involves many very difficult questions, 
and there arc several points still unsettled in regard to them, 

Giuphical Representation of Beats 

Draw a series of 11 waves (Fig. 7 2), and another of 
10, within the same limits of space. Find the shape of 
the compound curve by adding or subtracting the ordin- 
ates as usual ; it will appear as in the third line. The 
amplitude is at times considerable, but presently sinks to 
zero, and so on. In the case of sound-waves a similar 
composition occurs, and supposing the amplitudes to bo 
very small in comparison with the wave-lengths, they 
would, in the compound curve, alternate between tAvice 
that of the components (supposed equal) and nothing. The 
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iiiteiisity ])eing ])roportioniil to the .s(|U.arc of the amplitude, 
varies b(Rwecii 4 and 0, hoTice it is that boats can })0 hoard 
when the soujkIs producing them arc exceedingly faint. 

If the condition of tilings represented in Kig. 72 were 
rejieatcd 20 times in a second, i.r. if the freipUMicies were 
200 and 220, there would l>c 20 beats jicr second, and, 
in general, the number is n - n, whei‘e n and n' are the 
frequencies, but there are some reservations. For ex- 
ample, notes of 40 and 80 vibrations per second would 
not beat at all, because one is the octave of the other, and 


A A A A A r\ A f\ A A 

V v/Ay \J \J J \l \J \r \l 

A A /\ A f\ /\ l\ A A A A , 

V V/ V \J \J \l y \J V \J \J 



SO on. Hence the mere diagram of resultant displace- 
ments does not represent the whole matter. According to 
llosanquet ^ the interval at which two notes can be heard 
separately, in addition to the beats, is from 2 to 3 

commas, i.e. niiddle of the scale. 

With a smaller diilerence than this, a single note is heard, 
whose pitch is intermediate Ixjtwecn those of the primaries, 
and which varies in intensity fi-om 0 t.o a maximum. 
When the ditrerence is greater the intermediate note is not 
heal'd, but the ear eflects a separation, as explained on p. 1 00. 

^ FkiL Mag. .Tiinc 1881, “On tlio P>(‘!il.s of Misttinod Consonances 
of ilie Form A : J.” 
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ExrJOKIMKNT ('XIV'^ 

Numhr of Beats from Two given Kates 

Beqiiireit. — I Telniholtz siren. 

Oljtiiiii tlie unison sound from the 12 holo.s in the 
upper nnd lower disc, and maintain it at a steady pitch. 
Turn tin; handle so as to make the upper box meet or 
follow the rotating disc ; then every time it has gained or 
lost ^\ th of a circumference us compared with the fixed 
disc in the lower box, the pufts from above and below 
issue in opposite phases, and destroy one another. Hence 
the number of beats ^er second is tlic same as the number 
of gains or losses of this fraction of the circumference. 
But this is also the number of puffs added or subtracted 
per second. Hence the number of beats is equal to the 
difference between the frequencies. Whatever the rate of 
rotation, the same rule holds. 

No other instrument proves this principle so easily, for 
on the sonometer, for instance, though it is very easy to 
produce beats, we should have to limit them to 5 or 6 
per second to make sure of the counting, and the errors in 
determining the frequencies might amount together to 
nearly as much. With two tuning-forks, whoso fre- 
quencies are accurately known, the obsei vation is of course 
made perfectly easy. 

Experimknt CXV 
Beats producing a Visibk Bffect 

Beqmred. — Sonometer; glass tube drawn out fine and 
connected to a water-tap. 

Clamp the tube in a retort stand, and direct it so that 
the water shall fall into a trough. Turn the tap so as to 
obtain a feeble jet ; its dimensions may vary within wide 
limits, but a suitable size is soon obtained by trial. Put 
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the wires nearly in unison with one anothei’, and sound 
them l)()th ; the jet will be seen to undergo pulsations 
corresponding to the beats. When two laige forks which 
beat are screwed on to the same board the throbbing is 
perceptible to the touch. 

Brntimj Distance of 'Two Notes 

When two notes originally in unison are separated by a 
gradually -increasing interval, the beats are at first slow, 
then grow rapid and pass through a period of maximum 
jarring, and ultimately disappear when the nearest con- 
cord is reached. The dilTcrence l)etwecn the frecpiencics at 
this moment is called the “ beating distaricc.” It might be 
thought that since a minor Third is the first consonance, 
the beating would always cease at this point, but it is 
not so ; it varies at ditierent parts of the scale. Professor 
Mayer has compiled a table giving the beating distance for 
notes of several pitches. It is useful in many ways, e.g. to 
tell which of the upper partials of a chord will beat together. 

May lilt’s Taijle of Beating Distancks 

Interval. 

5!J = major Srd 
{ - minor 3t(l 

- minor 3nl loss | semitone 
jj} = tonc I a'.j 

IYI - minor Snl less semitone 

I y = t + ri 1 

1 piaetieally a tone 
= S + Vff ) 

In column 4 the fractions arc the reciprocals of the 
numbers in column 3, If, for instance, 2G beats per 
second fuse into a continuous sensation, it shows that at 
this part of the scale the duration of an impression is 
„\yth of a second. At higher pitches it is less, and at 
lower ones greater. So on a piano, a shake executed 
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rapidly low down in the bass cannot be followed, whereas 
nothing is easier in the upper or middle parts. 

Experiment CXVl 
Verijicatlm of the above 

Required. — Sonometer. 

Tune one wire to c' = 256, and starting with the other 
nearly in unison, tighten it till the beats of the prime 
tones are no longer discernible. Now move the slide 
along the first wire till it is exactly in tune with the 
other : take its length with a beam compass, then calcu- 
late its frequency from the law of lengths. For example, 
suppose it was 100 cm. long at first when tuned to 
25G V.S., and 84*2 cm. when tuned to the other wire : 
then this wire executes x 256 = 304 v.s., or 48 more 
than before. As the difference of vibrations is consider- 
able, a small error in determining the length does not 
affect the result to the same extent as if there were only 
5 or 6 beats to be observed. 

Beats of Imperfect Consonance (Smith’s Beats) 

Beats can not only be heard from two notes nearly in 
unison, but also when they nearly make a consonance. 
For example, if wo sound notes of 100 and 151 v.s. 
together, making a slightly imperfect fifth, what will be 
the result? Supposing the two wave systems to start 
in the same phase, then the 49th of the first and 74th 
of the second will differ in time by iVi - voV = T-s-iTrir of 
a second, that is, they will be practically in agreement 
once more, and at some intermediate point before and 
after this moment they must be in opposite phases. 
Hence there will bo 2 beats per second. If the rates 
were 100 and 153 there would be coincidences 4 times in 
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a second, and hence the same number of beats. The 
general rule is that if | be the ratio of the consonance, 
expressed in its lowest terms, and if the lower note cor- 
responding to a be sharpened to the extent of one vibra- 
tion a second, the number of beats is h, but if the other 
note be sharpened to the same extent, then a beats arc 
heard. For let the prime tones have 500 and 300 vil)ra 
tions per second, so that the interval is the major 6th 
(5 ; 3), then if we make the 500 into 501 we get an 
approximate coincidence from 5 x 300 and 3 x 501, where 
the difference is 3. But if we make the 300 into 301, 
the difference is now to be sought between 5 x 301 and 
3 X 500, where it is 5 instead of 3.^ With any interval it 
will bo seen that the number of beats docs not depend on 
the absolute number of vibrations, but on the numbers 
composing the fraction, and whether the mistuning 
amounts to 1, 2 or more vibrations per second. 

On a Helmholtz siren it is possible to arrange the 
following intervals, so that either the upper or lower notes 
can be taken on the upper disc, and hence bo sharpened 
or flattened by one or more vibrations per second. 

Minor 3rd, is} 1 JqI or |g}; Octave, } 

or j^g j , One revolution of the handle turns the upper 
box through one-third of a revolution or 120°; to add or 
subtract one puff per second it must be turned at different 
rates according to which row of holes is open. 

On the innermost row (9 holes) the angular distance 
between two adjacent holes is 40°, hence the box must 
move one way or the other through 40° in one second, 
and the handle through 120° in this space of time. 

According to Bosanquet,® the beats of mistuned con- 
sonances are always on the lower of the two notes 

^ This TiKxlc of reasoning loads to the siiino vesvilt as tiie other. 
rkil. Ma<j. June 1881. 
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concerned, and the limit to which they can be followed 
diminishes as the pitch rises. For some of Koenig’s 
experiments on this subject see Appendix III. 

Experiment CXVII 
Bmts of Upper Uartids 

Jhpiired . — Tuning fork ; sonometer. 

Suppose the fork gives c'' = 512 : make the wire give 
6*' = 250, and listen for its first upper partial, which will 
be the octave. Sound the fork gently : if the tuning be 
]:)erfoctly accurate no beats will bo heard, but on throwing 
the w'ire ever so little out of tune, a slow rise and fall can 
1)6 detected owing to a difference of a few vil)rations per 
second between the fork and wire. 

To pursue this subject far requires a special training of 
the car. We may point out that amongst chords in 
general the sources of dissonance arc numerous. Take for 
instance the minor triad 120, 144, and 180, and their 
u[)per partials whose frequencies are less than 1000 per 
second, and we have the following list 


120 

I’rinit's and Uppoi' Partials. 

Diffuroiicus. 


144 !!! 

24* 


180 

36 

240 


60 


288 r.! 

48* 

3(j’o 

360 

72 


432 

72 

4«b 


48 


!!’. 540 

60* 


576 

36* 

600 


24* 

720 

720 720 

120 

840 


120 


864 !!.’ 

24* 


900 

36* 

960 


60* 
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In column 4 are the differences or number of beats 
per second, those marked with a star being within the 
beating distance according to Mayer’s table (p. 170), 
There are thus no less than eight sets of beating notes, 
hence on instruments whose upper partials are powerful, 
and especially on those tuned in equal temperament, 
the discord of such a triiid is considerable. Moreover, 
we have not considered the combinational tones, which 
would introduce fresh sources of dissonance. 


Experiment CXVIII 
Comhimtmal Tones 

Itequired . — Organ pipes giving some musical interval 
other than the octave. A pair of singing flames, or an 
accordion, or even a sonometer, may also be used. 

Suppose we take the interval of a Fifth. Sound it 
with some intensity, and by careful attention a third note 
will be heard, an octave below the lower of the two 
primaries ; these should be about the middle of the scale. 

Some assistance in picking out the note is attbrded by 
sounding it gently on a fork or wire, so as to give a 
suggestion of what is required. 

Tones of this class arc called Diflcrcntial tones, and 
their frequency is always the difference between the 
frequencies of the primaries. They arise, according to 
Helmholtz, as a necessary consequence, on theoretical 
grounds, from the amplitudes not being negligible in 
comparison with the wave-lengths. The graphical repre- 
sentation then no longer explains the whole effect, and not 
only differential tones are produced, but also summational 
ones, due to a frequency equal to that of the primes added 
together. Considering the former alone for a moment, 
two notes separated by a Fifth (3 : 2) will give a differential 
tone of 1 ; when they are a Fourth (4:3) apart, the 
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diftercncc is again 1, but it is now two octaves below the 
higher of the primes. 

Continuing the observation for other consonant intervals, 
the scheme is as follows, where the primes are represented 
by minims, and the diflcrential tones by crotchets. 

Major Minor Miijor Minor 
Fifth Fourth Third Third Sixth Sixth 

The reality of these tones is indisputable, but seeing 
that the frequency is equal to that of the beats, a ready 
explanation offers itself, that they are beats fused into 
one another, or beat-tones. Against this view it has been 
urged by Tyndall that beats arc heard when the primaries 
are very faint, differential tones only when they are loud : 
also by Helmholtz, that they are a necessity on the mathe 
matical theory. 

It is also possible to hear both beats and differential 
tones together in certain cases.^ 

The summation tones are, of course, always higher than 
the primaries. An interval of a Fifth (3 : 2) will have a 
summation tone of 5 : this stands to the higher of the two 
primes in the relation of 5 : 3, and is hence a Sixth above 
it. They cannot be heard when tuning-forks are used, 
but do appear with a polyphonic siren. 

The following is the scheme for consonant intervals less 
than an octave : the primes arc shown in minims as before, 

^ Dr. Koenig maintains that both kinds of combinational tones are 
merely beat-tones of the primes or of upper partials, and as a mere 
matter of arithmetic they would always be accounted for on this 
hypothesis. See, however, a paper by Kiicker and Eelser “On the 
Objective' Reality of Combinational Tones,” PML Mag. April 1895. 
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and the summation tones hy crotchets. In the last two 
cases the true note lies between the two figured ones. 



Fifth Fouiih Major Major Minor Minor 
Sixth Thin! Thinl Sixtii 


l.)r. Koenig has made a large number of observations on 
this point, but the question at the present time cannot be 
said to be settled (see Appendix 111.). 



CHAPTEE XVII 

SOUNDS MAINTAINED BY HEAT AND SENSITIVE FLAMES 

Experiment CXIX 
Singing Flames 

Relinked . — Hydrogen apparatus ; several tubes about 2 
cm. diameter, and of different lengths (Fig. 73). 

The bottle contains zine and water, and a little strong 
sulphuric acid is admitted through the funnel. The aperture 
at which the gas is lighted must be narrow and have thick 
walls, otherwise they melt very soon and almost fall 
together. Before applying a light it is very necessary to 
collect a test-tube full of the gas to see that it burns 
quietly, otherwise the apparatus will be blown to pieces. 
Having obtained a small flame, bring one of the wide 
tubes down over it, and on reaching a certain position, a 
loud and clear musical note will be emitted, which can be 
maintained for any length of time. The experiment (dso 
succeeds with a flame of coal gas, but as the vigour of 
combustion is less, it is more easily extinguished, especially 
in 3 narrow tube. It has the advantage, however, of being 
more luminous. 

With tubes which are not too long in relation to their 
diameter, the note given out is nearly that of an organ 
pipe of the same length (not quite, because the air inside is 
hot), but when a certain limit is exceeded it is impossible to 

VOL. HI N 
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obtain the fundamental, the column always subdividing so 
that one of the upper partials is emitted. 

The altered appearance of the flame should bo noticed : 
it seems stiffer, and is in a state of vibration. This is 



immediately evident on using a coal-gas flame, turned up 
till it ju«t begins to be' luminous, and viewing it in a 
plane mirror turned backwards and forwards through a 
small angle by 0- motion of the hand. With a hydrogen 
flame tlmJl^m ,has to be darkened before it can be 
seen. 
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When the fl.inio is too low down in the tube, it will not 
begin to sing of itself, but if tlie same note bo sounded in 
its vicinity, it docs do so, at first feebly and then more 
loudly. 

By putting a cardboard slide on the top of the tube, so 
as to prolong it more or less, a certain amount of tuning 
may be effected, and such a source of sound is sometimes 
far more convenient than a fork, which requires exciting 
at intervals, or an organ pipe, which requires continuous 
blowing (see p. 47). A pair of dames, adjusted to some 
musical interval, are of gi'cat use in connection with beats 
and combinational tones for a similar reason. 

It was discovered by Kastner ^ that two flames inside 
the same tube would sing so long as they were separate, 
but on bringing them together they ceased to do so. Ho 
devised an instrument called a “pyrophone,” which was 
founded on this principle, and in its latest form had a 
ring burner in each tube, which, when turned low, gave a 
number of separate flames ; but the sound could bo stopped 
by turning them up so that they met as in an ordinary 
argand burner. The invention is, however, merely a 
scientific toy. 

The theory of a singing flamo is by no means so simple 
as it would appear. When a little cotton wool is pushed 
nearly to the top into tho tube supplying the gas, a flamo 
can be obtained as easily as before, but it refuses to sing, 
because stationary waves in this tube are a necessary part 
of the phenomenon, and they are now prevented from 
forming. 

Again, the enlargements and contractions of the flame 
must synchronise with tho pulses of air, so that heat is 
supplied and withdrawn at ^e same rate as the condensa- 
tions and rarefactions follow one another’. The flame is, 
therefore, more powerfully affected the neaiM^ is to the 
centre of the tube, because there is a node near this 
^ Compies li&tulus, 
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point. The phonomena of singing Hamos were first critic- 
ally studied by Sondliauss. 


Expkrimknt CXX 
Siiifjimj Flames (emlimied) 

Required. — Hydrogen apparatus ; gas-jar or phosphorus 
globe. 

Having obtained a small flame, bring the jar or globe 
over it: a low and deep note is heard, not however 
under all circumstaiuais, as some adjustment of the size 
and position of the flame may l.>c necessary. As before, it 
depends on the flame enlarging and contracting, in agree- 
ment or otherwise with the changes of tein})erature 
induced by the vibration. “ Wlicn the transfer of heat 
takes place at the moment of greatest condensation, or of 
greatest rarefaction, the pitch is not affected. If the air 
be at its normal density at the momerit when the transfer 
of heat takes place, the vibration is neither encouraged 
nor discouraged, but the pitch is altered. Thus the pitch 
is raised if heat be communicated to the air a quarter 
period before the phase of greatest condensation, and 
lowered if it be communicated a quarter i)eriod after the 
phase of greatest condensation,” ^ 


Experiment CXXI 
Singing Flames (contimied) 

Fequired. — Glass tube drawn out slightly and connected 
with a gas supply pipe ; wire gauze ; large metal tube of 
almost any size, say GO cm. by 4 cm. 

Hold the gauze at such a distance over the jet of gas, 


^ Rayleigh, Tlieory of Souiul, vol. ii. p. 226. 
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that when lit on the nj)|)er side, the dame is blue <and 
nickering. TiOwer the wide tube on to it, a harsh and 
screaming sound will be produced, which may in some 
cases attain a great intensity.^ A glass tube may be used 
instead of tlui metal one, but is apt to crack. A Bunsen 
burner with a ros(! on the top also gives the etlect ; it is 
usually extinguished after a short time liy the violence of 
the vibration. 

Here, as in similar cases, the maintenance of the sound 
is duo to a transfer of heat from the Hame to tlic air ; the 
pitcli is aflected or not according as this transfer takes 
place at the moment of greatest condensation (or rarefac- 
tion) or at some other moment.*'^ 

Before bringing the tube down on the gauze it may be 
observed that the dame is sensitive, and resjxinds to noises 
made by coughing, knocking the table, etc. 


Exfkriment CXXII 

llijkes Tube 

JieqtUrcd. — Hard glass tube almut 40 cm. long and 3 
cm. in diameter ; gauze. 

Out a piece of wire gauze of sucli a size that it will 
stay in the tulic without falling. Push it up some little 
way, and make it red hot by a dame of gas or of spirit on 
cotton wool. Ivcmove the dame, and almost immediately 
a loud and clear sound is heard, whose pitch depends 
chiedy on the length of the tube. The general principles 
involved arc the same as those already indicated. The 
“ incandescent ’’ gas lights sometimes emit a note when the 
dame is turned partly down. 

^ The obsei-vatioii can be traced back to 1842. See Nature^ vol. 
X. y. 28(3. 

Rayleigh, loc. ciU 
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Expkrimknt CXXITI 
8oiml of a Coolhuj Bvlh 

Required — Qnill glass tuUing ; Mowpipc Ham(!. 

Select a })ieee about 14 cm. long, and blow a bull) 
2 cm. in diameter upon one end of it. During tlie cooling 
a sound is sometimes heard ; Avhetlier it will happen or not 
ill any jiartieular case cannot be jircdieTcd, but when it 
docs it can be renewed by heating the bulb again. 

Jjord llayleigh ^ gives as the explanation the flow of 
air from parts where it is cooler to where it is hotter, heat 
being received at the phase of greatest condensation and 
given up at the jihasc of gi’catest rarefaction. “The 
adjustment of tempcratui’e takes time, and thus the 
temperature of the air deviates from that of the neigh- 
bouring parts of the tube, inclining towards the temperature 
of that ])art of the tube from which the air has just come. 
... In order that the whole effect of heat may be on the 
.side of encouragement, it is ncce.ssai 7 that, previous to 
condensation, the air sliould pass not merely towards a 
hotter part of the tulie, but towards a ])art which is hotter 
than the air Avill be when it arrives there. On this 
account a great range of temperature is necessary for the 
maintenance of vibration, and even with a gi'cat range the 
influence of the tran.sfer of lieat is necessarily unfavour- 
able at the closed end, Avhere tlie motion is very small. 
This is probably the reason of the advantage of a bulb.” 

E.xperiment CXXIV 
. The Trevelyan Bocker 

lleqnired . — Instrument shoAvn in Eig. 74. 

It consists of a brass or copper bar with a groove run- 

^ 2'hcory of Sound, vol. ii. p. 231. 
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iiing uloiig its loivcr surface, and liaving a Jong handle 
attached, at the end of which is a ball of wood. A ring 
or triangular iirisni of lead is also requisite. 

Heat the liar in a ilame, making it very hot, as 
judged by the hand, but not nearly red hot, place it as 
shown in the figure, and it will give a chsar ringing note, 
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which under favourable conditions is maintained for a 
considerable time. 

This curious effect is due to the bar being alternately 
tilted from one side to the other, hy small humps raised 
by exjiansion during the momentary contact. 

The phenomenon can be produced with other metals, 
bar and block being both the same or difierent. Of a 
very large number of substances examined liy Tyndall,^ 
rock-salt, tkough not metallic, appeared to bo the liest, 
vibrations being kept up till the (metal) roekin- was below 
blood-heat. 


Experiment GXXY 
SensiUce Flums 

licqnind . — Glass tube about 1 cm. in diameter, and 
contracted to IJ mm. at the orifice, which should be 
slightly V-shaped. 

Connect the tube with a large gas supply pipe so as to 
obtain as long a flame as possible. It will bo found to 
shrink considerably when certain noises are made in its 
vicinity, such as knocks, clinks, hisses, etc. Using a gas- 
bag giving a higher pressure than the mains, it is possible 

^ Phil. Mag. July 1854. 
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to obtain a Hamc over 50 cm. long, which will resi)on(l to 
almost every syllable uttered by the voice. When a gas 
cylinder is used the How is a})t to be interrupted by 
eddying currents, or by hi.ssing sounds made by the gas 
itself, unless a long connecting tul)e is employed. 

The best result is obtained by using a pin-hole burner 
made of steatite, as described by Tyndall;^ the flame then 
attains a length of GO m. and is extremely sensitive. The 
seat of sensitiveness is at the orifice, as may be shown by 
concentrating sounds on different parts of it through a 
funnel. It must in all cases be near the point of flaring, 
so that a slight change in pre.s.surc, such as is produced by 
a sound-wave, will momentarily bring about this condition. 

A fish-tail flame in a concert room or church is some- 
times observed to send out tongues when certain notes 
are sounded, in fact the whole scries of phenomena had 
their origin in an observation of this kind by Professor 
Leconte in 1858. The flame is not really necessary, as 
smoke jets arc even more sensitive ; at the same time they 
are very troublesome owing to the difficulty of avoiding 
draughts. 

ExPKmMKN'j’ CXXVI 
Sensiiive Flams {(mtinned) 

Take a large Bunsen burner and turn the gas about 
half down. Make a loud noise near it, say by tapping a 
mortar ; the flame will be extinguished. Here a sudden 
w'ave is generated in the tube, acting as a resonator, and 
interferes with the current of gas to the point of extinction. 
A special biu’ner illustrating this effect was introduced 
some years ago by Messrs. Fletcher of Warrington: the 
tube was horizontal, and a non -luminous flame issued 
from an annular space at one. end. It was supplied with 
additional air from the middle of this space (which was 

^ Sound, clia]). vi. 
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open below) and could be easily extinguished by clapping 
the hands, etc., when the pressure was properly adjusted. 


Experiment CXXVII 

Semitive Flames {continued) 

Uei[mr(d . — Tube fitted up as in Fig. 75. 

The wide tube is about 12 era. x 2 cm., 
at the lower end it is .stopped by a cork 
perforated to admit a gas supply tube, and 
a conical flame appears at the top. To 
prevent a tube cracking under such circum- 
stances it is convenient to prolong it by a 
thin sheet of mica rolled up and jdaced / 
inside. I 

I. “ Lower the inner tube till the flame I 
is on the point of roaring. It will now be ' 
found vciy sensitive to noise. Snapping 
the fingers at a distance of 8 or 10 yards 
will cause it to contract fully of its 
height. The most suitable flame for this is 
about 6 inches high. 

II. “Adjust the gas to give a flame 
about inches high, and gradually raise 
the inner tube. A point will be reached at 
which the flame becomes sensitive, not to 
noise, but note, and it will be found to 
respond to a certain note by dividing into 
two portions, and while this note is produced 
it will continue divided. . . . 

III. “ Arrange two singing flames to give 
the proper note ; the flame divides. Now 
make one a little sharper than the other so 
as to beat slowly. The wings alternately 
recede and coalesce. 

IV. “U.sing the whistle, blow so hard as 


A 





Fig. 75. 

to produce 
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higher octuvcs of the ivspondiiig note. The flame will l)e 
uiuiflectcd, as iliongh in perfeet silence.” ^ 

jMdiioiiirfrir. Fhniic.'i 

'J'hesc have assumed great importance, chiefly as an 
adjunct fo lecture experiinent.s, hut also on fheir own 
meiifs as defectors of sound. They were introduced 
i)y Dr. Koimig.'’ The apparatus is very .sini))le (Fig. 7G), 



consisfiiig of a small cavity diviih'd into two i)art.s hy a 
flexible iiK'nihrane of oiled silk or goldbeater’s skin. 
A current of gas (mters the ea})suh^ by a, snpjjly pipe, and 
burns at anotlnn- outlet. T'he membrane is ex})osed on 
the opposite side to aei ial vibrations from tin* voice oi* other 
source of .sound, and the flame o.scillates np and down in 
res])onse. It^ is viewed by reflection from four plam; 
mirrors attached to the sid(‘.s of a wooden eub(i which is 

^ K. II. ffiiknit, N(flvrc, vol. xv. ]•. 11!', See also Sarrett, 
Nnfvrc, tint May 1877 (vol. wii.). 

“ J'liiL Mmj. .Tan. and ld‘1i. I,s7:;. 
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roUitcd on n vcrticiii axis (Fig. 77). The appearances pre- 
sented under the influence of ditlerent instrnnicnts and 


\\\\\\\\ 
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vowel sounds, etc., are. extreinely inleresling an<l suggestive, 
c\ ery diflei'ent ({uality of sound |)rodue.ing it.s own figures, 
d'liese capsules may l>e conveniently conneeti.'d with 



Flo. 7'J. 

I'csonators, or let into tlie walls of organ ])ipes. In the 
latter case they are affected at the node.s, like the ear 
itself, because the ini])ulses only act on one side. 

A working form of the apparatus may be nnule from a 






188 


PRACTICAL ACOUSTICS 


ClI. XVII 


large cork which has heoii cut in two at right angles to the 
axis. Each part has a conical cavity cut in it, they are 
then glued with their bases together, and sejiarated by a 
diaphragm made of goldbeater’s skin, or thin indiarubber 
from a toy balloon. One cavity communicates with the 
source of sound by a hole through the apex ; the other 
has two tubes leading into it as already described 
(Weinhold’s Experimental Physics). 

In Fig. 78 are seen the appearances of the flame, first 
when a simple tone is sounding, and secondly when the 
octave alone is sounding. Fig. 79 shows the effect when 
both the tones are operating. 



OHAPTEU xvrrr 

WATKU-JETS AND MISCEELANKOUS ODSEKVATIONS 

Experiment CXXVIII 

llcquvml . — Glass tube drawn out to a moderately fine 
point, and conriccte<l with a water-tap ; sonometer. 

The tube must bo contracted slowly and not violently, 
or the smoothness of the jet is interfered with by eddies. 

On obtaining a gentle stream of water, which is most 
convenient when directed slightly upwards, it is found to 
bo aficcted by almost any note from the sotjorneter wire 
or the voice. The best result will probably not be 
obtained at once, as a certain relation between the sound 
and the size of jet is necessary. To the eye it appears as if 
the jet had been stilicncd, and instead of the drops spread- 
ing and falling irregularly they now keep in the same 
path, and widen and contract at regular intervals, giving an 
appearance like twisted glass. The sound of the falling 
drops is also different. It may happen that a small 
branch is thrown off' from the main one, or that two 
separate streams form instead of one. Lastly, as has 
been already mentioned (p. 109), the jet throbs under the 
influence of beats. 

When a stre^ of water flows out of a sponge, kept 
saturated from a tap above, it does not respond to sounds, 
but when it issues from a glass tube drawn out as described, 
it is affected. 
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Ill the former case it splits up after a certain interval 
into a succession of alternate large and small drops ; this 
is a result of surface tension, just as when a soap bubble is 
pulled apart by placing two waxed and soaped wire rings 
in contact with it, and separating them, a minute bubble 
always floats away. The large drops oscillate visibly, 
having their longest axis now vertical and now horizontal. 
When the stream issues from a drawn-out tube, the 
aperture not being perfectly circular, it oscillates slightly, 
even before dividing ; under the influence of aerial vibra- 
tions it begins to split up into drops sooner than before, 
and the oscillations are alvrays in the same phase at the 
same part of the curve, or, in other words, the wavy surface 
is stationary with respect to the curve. Under proper 
conditions, two separate and slightly divergent streams are 
formed, and it may happen that some of the smaller drops, 
by always colliding with larger ones at the same spot, arc 
knocked away laterally ; when this is the case they fall 
much more nearly in a vertical direction, owing to their 
feeble inertia. 

When the drops are directed on a stretched membrane, 
such as a tambourine, they cause it to give out the same 
note as the one whose influence they are under. 

If a metal cylinder containing some water be put 
under a tap, and the water turned on a very little, it is 
noticeable that the character of the sound varies with 
successive drops, according to the different phases in which 
they strike the surface. 

The following curious production of sound has been 
known for a long time:^ A glass tube 2 m. long by 
6-8 cm. diameter is closed at one end by a metal plate, 
in the centre of which is a hole whose diameter is equal 
to the thickness of the plate. On being filled with water, 

^ Mag, July 1854, a posthuinou.s paper by F. Savart “On 
some Acoustic Phenomena produced by the Motion of Liquids througli 
short Tubes.” 
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the efflux takes place in a periodic maiuier, and a tone is 
heard, feeble and confused at first, but acquiiing force as 
the pressure diminishes till it reaches a certain limit. Beyond 
this the intensity decreases, and in some cases disappears 
altogether. But as the level sinks, the tone regains force 
and passes through another maximum of intensity, and so 
on. Certain precautions are necessary to obtain the effect, 
e.g. the plate must be accurately horizontal and the edges 
of the hole sharp. 

Jets of liqui(l flowing into another liquid arc also acted 
on, but by much graver sounds, having, say, 20 to 50 v.s. 
In the Thm'y of Sound, § 370, so often quoted from, some 
experiments of this kind arc described, water tinged with 
I)niassium permanganate being allowed to pour into pure 
water. It takes a sinuous curve, or divides into two parts 
connected by a sheet, etc. 

Experiments on Audition 

I 

Press a finger into the orifice of each ear, a murmuring 
sound, called the “ susurrus " of the muscles, can be heard. 
According to the experiments of Dr. Haughtou it is duo to 
vibrations at the rate of 32 per second. It is louder when 
the muscles are in a state of contraction. 

II 

Press the stem of a sounding tuning-fork on any part 
of the head, and stop up one ear. The sound now appears 
far louder, in that ear than in the other one, a definite 
localisation being produced, which is absent when both 
ears are opened. When both ears are closed, sounds 
made by the voice appear very much louder than before. 
Under the same circumstances the sound of a fork placed 
on the head appears louder in the ear to which it^s nearer. 
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III 

Find the personal limit of audibility by a Galton’s 
whistle. The gravest note for Avliicli the instrument is 
graduated has a length of half an inch, and being a stopped 
pipe it corresponds to a frequency of about 1120 x 12 
X 2 = 2G880 (the velocity in feet per second at 15° C. 
being 1120). The plug can be screwed forward till it 
reaches the lip, but a pipe does not speak well unless its 
length is greater than its diameter. The feebleness of the 
sound also makes it uncerLiin whether or not the absolute 
limit has been reached. 

IV 

The outer tube of the eai’, the meofm anditorius externn.% 
has a pitch of its own, which may be discovered by shading 
the car -with the palm, and striking notes on a piano till 
the right one is reached. It is usually in the highest 
octave. 

V 

Cover one ear with the curved palm, press a vibrating 
tuning-fork ag;iinst the back of the same hand, and observe 
how surprisingly loud it ai)pears, no doubt because of the 
confined space into which the sound is led. 

VI 

Take two forks of the same pitch, place them on 
opposite sides of the head, and while holding one in a 
fixed position, rotate the other so that it is alti;rnately 
audible and inaudible. The fixed one is only heard at the 
moments when the other is not heard. 

The following observations are worthy of mention : — 

In order to determine the direction of a sound, two ears 
are of great assistance. If the listener be allowed to turn 
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his head lound, however, he can judge tolei-aldy well hy 
using only a single ear. lie can (with both ears) toll 
immediately whether the sound of a tuning-fork comes 
from the right hand or the left, but not whether it is in 
front or behind. Curiously enough, there is no difficulty 
about doing this with the voice. If small, flat sheets of 
cardboard be placed round the cars at difficrent angles, the 
sense of direction is misled, because the natural degrees of 
audibility on the two sides arc interfered with. 

A hoarse or screaming sound, such as that of a siren, 
cannot be shut out by stopping the cars. 

Sounds nearly in unison beat with one another when 
they are led into separate ears, though there are no 
moments of absolute silence. 

A grave sound has the power of extinguishing a high 
one, but the converse is not true. Mayer ^ employs an 
organ pipe and a tuning-fork of higher pitch, and finds that 
the latter ceases to be heard even when it is sounding 
quite loudly ; but on the other hand, when a fork lower 
in pitch than the pipe is used, it can bo heard just as long 
with or without the continuous sound. It may be urged, 
however, that in musical compositions the melody is, as a 
rule, pitched higher than the accompaniment, and that in 
an orchestra no amount of “strings" will extinguish the 
sound of a voice, or a flute, or a brass wind instrument. 

The production of sound by allowing an intermittent 
beam of light (or rather of heat) to fall on a metal dia- 
phragm was discovered in 1880 by Mr. Graham Bell,*'^ who 
was then investigating the change in the electrical resist- 
ance of selenium under the action of light. Tyndall substi- 
tuted absorbent vapours, such as sulphuric ether, chloride 
of methyl, aqueous vapour, etc. These were contained in 

^ “Acoustical Researches,” Phil, Mag, 1876. 

The following references in Nature may be consulted Tyndall, 
17th February 1881 ; Preeco, 24th March 1881 ; Tyndall, 5th January 
1882 ; and Mercadier, Phil. Mag. January 1881. 
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flasks, from winch a tube led to the car, and the beam 
from a lantern was concentrated on them from a concave 
mirror. The intermittcnce was produced by a revolving 
perforated disc, every access or withdrawal of heat setting 
up a vibration. 


Diffraction of Sound 

Using as the source of sound a bird calV and a sensitive 
flame as detector, Lord Rayleigh - has succeeded in obtain- 
ing cflects resembling the lights and shadows produced by 
light waves wlnm they ])ass I'ound the erlge of a small 
circular disc at right angles to the direction in which th(iy 
ar(5 travelling. Thus rings of sound and silence were 
detected when a ch'cular plate, 38 cm. in diameter, was 
jjlaced 70 cm. from the source, which gave waves of 

cm. and was 25 cm. from the flame. Further, “when 
a suitable circular grating cut out of a sheet of zinc is 
inter])Oscd hetween the source of sound and the flame, the 
effect is many times greater than wlnm the screen is 
removed altogether.” 

“ POLAIUSATION ” OF SoiJNI) 

The phenomena of plane })olarisation in Optics are, as is 
well known, due to the diftcrent aspects of the planes of 
vibration of the ethereal waves towards reflecting or refract- 
ing surfaces. In the case of longitudinal vibrations it 
would appear impossible that anything of the kind could 
take place, but the following observations of Wheatstone ^ 

’ Two metal ])lates, about 2 cm. in diameter, bored ceiitrically with 
a small hole, are fixed at a .small distance from one another (tliis may 
la; as little as 1 mm. wlicn the ]ilatcs arc of thin brass). Air is blown 
througl) from a short siipjdy tube, and a note; of very liigh pitch is 
elicited, even reaching 50,000 vibrations per .second. 

Phil. Mfiff. vol. ix. p. 281, 1880 ; Theory of Sound, vol. ii. p. 143 ; 
Nuture, 28tli June 1888. 

^ Reprint of Sci('utifu: Papers, No L, -written in 1823. 
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sliow that analogous effects can bo obtai nod. Ho took 
a straight rod, ono end of which was coniuicted with 
a sounding-board, and placed a tuning-fork at the other 
end; on bonding the rod to a right angle, the piano of 
oscillation being perpendicular to the plane of the angle, 
the sound couhl scarcely be heard ; wluni the two branches 
wore parallel, it was nearly as loud as before. By multi- 
plying the number of right angles it could be completely 
stopped. On turning the fork round, the rod not being 
bent, it was lieard most plainly when the vil)rations took 
place p.'irallel to the rod, and least plainly Achon at right 
angles. 

“The phenomena of polarisation may be observed in 
many corded instruments ; the cords of the hai'p ai*e 
attached at one extremity to a conductor which has the 
same direction as the sounding-board ; if any cord be 
altered from its quiescent position so that its axis of 
oscillation shall be parallel with the bridge or eondu(‘to!*, 
its tone will be full; but if the oscillations be excited so 
iJiat their axis shall bo at right angles with the conductor, 
its tone will be feeble. By tuning two adjacent strings 
of the harp unisons with each other, the differences of foiec 
will be sensible to the eye in the oscillation of the recipro- 
cating string according to the direction in which the other 
is excited.” 

A singular observation, which is easily verified, is 
described as follows. “When a tuning-fork, placed per- 
pendicularly to a rod, communicating at ono or both 
extremities with sounding-boards, and caused to oscillate 
with its vibrating axis [or plane of vibration] parallel with 
the rod, moves along the rod, preserving at the same time 
its perpendicularity and its parallelism, the vibrations will 
not be transmitted while tho movement continues, but the 
transmission will take place immediately after it has re- 
mained motionless. When tho tuning-fork moves on tho 
upper edge of a plane perpendicular to a sounding-board, 
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the vibrations rectilineally transmitted will not be influenced 
by the progressive motion.” 

Recent Acoustical Instrumkni'S 

The invention of the telephone has been followed by 
that of a large number of instruments all directly dependent 
on it. In the Photophonc of Mr. (Iraham Roll there is a 
selenium cell, consisting of a number of thin circular brass 
discs separated by sheets of mica of somewhat smaller 
diameter, the spaces between being filled up with selenium, 
so that on the circumference brass and selenium follow one 
another alternately. The 1st, 3rd, 5th, etc,, discs of brass are 
in metallic connection, as also the 2nd, 4th, 6th, etc. ; hence 
the current passes from one set to the other through the 
intervening layers of selenium. The transmitter is a thin, 
silvered disc of glass, supported in a mouthinece. It 
vibrates under the influence of sound-waves, and thereby 
undergoes alterations in curvature. A powerful beam of 
light is sent on it from a lantern, thence it passes to a 
parabolic mirror placed at a considerable distance, and is 
condensed on the selenium cell which is held in the focus. 
A galvanic cell furnishes the current, which also includes a 
telephone. An increase in the illumination reduces the 
T csistancc of the selenium cell, and vice versa ; these changes, 
though excessively minute under the circumstances, furnish 
the alterations in current strength necessary to afiect the 
telephone disc. 

In the Water-jet Amplifier of Dr. Chichester BelH a 
vertical column of acidulated water falls on the end of an 
upright rod containing a platinum wire in its axis. A 
telephone and galvanic cell are required as before. The 
form of the jet, whose length must be carefully adjusted, 
is altered by vibrations reaching it through the supports or 

^ “On the Sympathetic Vibrations of Jets,” Phil. Trans. 1886. 
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otherwise, and these alterations increase or diminish the 
current of clectricityj thereby agitating the telephone disc, 
which, of course, is placed close to the car. 

In the Microphone, invented by Professor Hughes, the 
alterations in current strength arc produced by the varia- 
tions in conductivity of one or more carbon rods, which are 
shaken by the sounds to be conveyed. This instrument 
is so well known in the various forms of commercial loud- 
speaking telephones as not to need description here, but it 
may bo remarked that the “ microphone contacts,” as they 
arc called, take place even in a tube of iron filings in a 
varying electrical field, and that the theory that the 
variations in conductivity are produced by simple ])ros- 
suro is wrong, or at least docs not express the whole 
truth. According to Professor S. P. Thompson they arc to 
be ascribed to exchanges of molecular energy between the 
particles in contact, or separated only ])y minute distances. 

The Phonograph, invented by Edison in 1877, is now 
very well known. In its later forms it consists of a 
cylinder of hardened wax, made to revolve at a constant 
rate of several turns per second by a wtfil-governed electro- 
motor. This cylinder is minutely indented along a helical 
line by a sapphire or chalcedony point which is attached to 
the centre of a thin glass diaphragm, set in a suitabhi 
mouthpiece. Sounds received upon the diaphragm impress 
a to-and-fro movement on the cutter, causing it to scrape 
away the wax to a depth varying with the intensity. 
When a reproduction is desired, another sapphire point, 
joined by a curved piece of steel wire to a second glass 
diaphragm, is brought to the starting-point, and the 
cylinder is rotated at the same rate as bcfor*e. So. 
perfectly is the original motion reproduced, that not only 
can a person’s voice be recognised, but the sound of instru- 
ments accompanying a chorus can be plainly detected. 
Dr. M‘Kcndrick ^ and his assistiints have lately devised a 
^ Proc. llwj. Soc. Ed. vol. xxi. p. 201 (1896). 
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means of amplifying the curves on the wax by an arrange- 
ment of levers carrying a kind of siphon recorder : they 
are thus shown magnified nearly 1000 times in height and 
about 35 times in length. The record of a word consists 
of “a long series of waves, the number of which depends 

(1) on the pitch of the vowel constituents in the wor^ and 

(2) on the duration of the whole word or of its syllables 
individually. , . . The number of waves producing a word 
is sometimes enormous. ... A record of the words 
‘ Royal Society of Edinburgh,’ spoken with the slowness 
of ordinary speech, showed over 3000 vibrations.” 

When a vowel sou];id is sung into the mouthpiece, and a 
different rate of rotation is imposed on the cylinder during 
the reproduction, it might bo expected that the truth or 
falsity of the fixed pitch theory would be at once settled ; 
but hitherto observers have not been unanimous as to 
whether the vowel is altered or not.^ 

^ Theory of Sound, ii. ]>. 474. 
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“A STRING wliich is pulled aside by a sharp point, or tlie linger 
nail, assumes the form (Fig. 80 ) A before it is released. It then 
passes through the series of forms B, C, D, 1 C, F, till it reaches 
G, which is the inversion of A, and then returns througli the 
same to A again. Hence it alternates between the forms A and 
G. All these forms, it is clear, are composed of straight lines, 
and on expressing the velocity of the, individual points of the 
strings by vibrational curves these wouhl have the same form. 
Now, the string scarcely imparts any perceptible portion of its 
own motion directly to the air. Scarcely any audible tone 
results when both ends of a string are fastened to immovable 
supports, as metal bridges, which are again fastened to the ^^’alls 
of a room. The sound of the string roaches tlie air through 
that one of its extremitie.s which rests upon a bridge standing 
on an elastic sounding-board. Hence the sound of the string 
essentially depend* on tjie motion of this e.xtremity througli tlie 
pressure which it on the sounding-hoard. The magnitude 

of this pressure, as it alters periodically witli the time, is shown 
in Fig. 81 , H, where the height of the line hh corresponds to 
the amount of pressure exerted on the bridge by that extremity 
of the string when the .string is at rest. Along Uh suppose 
lengths to be set off corresponding to consecutive intervals of 
time, tlie vertical heights of the broken line above or below llh 
represent the corre.sponding augmentations or diminutions of 
pressure at those times. The pressure of the string on the 
sounding-board consetpiently alternates, as the figure shows, 
between a higher and a lower value. For some time the greater 
pressure remains unaltered, then the lower suddenly ensues, and 
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likewise remains for a time unaltered. It is the alternation 







between a greater and a smaller pressure wliieli produces the 
sound in the air” (Helmholtz, Sensations of Tone^ p. 86). 



APPENDIX II 

RELATIONS OF NATURAL AND TEMPERED INTERVALS 

On the equal teniperanieiit or chromatic scale, with 12 notes to 
the octave, each interval is ^/2« 1*069 . . . the amount of 
error in several instances being shown ns follows : — 

E(iu:il Tomperament Scale. 
Chromatic semitone = 1 ‘Or)!). 

Three somitone.s or (1 *050)^:= 1 -189. 

. Four semitones (1*059)'^=: 1 ‘260. 

. Five semitones (l'059)'' = l‘8;jr). 
Seven semitones (1‘0597=1*498. 

The tempered Foui th is thus a little too sharp and the Fifth 
a little too Hat ; hut these errors are small compared with tho.se 
of the major and minor Thirds. 

One of the chief advantages of having twelve equal in- 
tervals to the octave is that the Fifth is more nearly accurate 
than it would he with any other number, unless it were a very 
much greater one. 

The simplest way of dealing with intervals is to take as unit 
the 100th part of a tone, or the 600th of an octave, and to use 
logarithms, thereby substituting addition and subtraction for 
multiplication and division. Tlie log of the 600th root of 2 is 

or which is easier to work with. To express 

600 ’ 2000 ’ ^ 
any interval, such as the Fifth, divide the log of the ratio by 
this number, or what comes to nearly the same thing, multiply 


Theoretical Scale*'. 
Minor semitone | 5 = 1‘042\ 
Major semitone } ? = 1 -067 / 
Minor third 11 = 1 “200 
Major third 5 = 1-250 
Fourth ^ = 1‘333 
Fifth 1=1 ‘500 
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it by 2000. If greater accuracy is desired, diiniiiisli tlie result 
by because 1*003433 = 1^5^ nearly. 

For example, the Fifth becomes 2000 x (log 3 - log 2) = 352, 
or making the correction, 351. Again, the comma becomes 
2000 X (log 81 - log 80)= 10*8, which we may call 11, and so 
on. The complete enharmonic scale is then represented as 
follows : — 


Scale. 

Interval. 

Log X 2000. 

Eq\ial Tianperamcut. 

C 

Comma 

11 


C# 

Minor semitone 

35 \ 

50 

m 

Major semitone | x 

67/ 

I) 

Se(!Oiid ^ 

102 

100 

DU 

Augmented 2nd 1 x 

1371 

150 


Minor 3rd 

158/ 

E 

Major 3rd J 

1931 

200 

Ffe 

Diminished 4th 4 ^ lit 

214 ( 

E# 

Augmented 3rd J x 

2281 

250 

F 

Fourth fx 

249 / 


n 

Augmented 4th ^x|J 

2841 

300 


Diminished 6th | x 

316J 

G 

Fiftli f 

351 

850 

G# 

Augmented 5th ^x|f 

3861 

400 

Ait 

Minor 6th | 

407/ 

A 

Major 6tii | 

442 

450 

A# 

Augmented 6th f x 

4781 

500 


Minor 7th V x | J- 

509/ 

B 

Major 7th V 

5441 

550 

Cb 

Diminished 8ve 2x|4 

565 f 

BU 

Augmented 7th V* x.ll 

5791 

600 

0 

Octave 2 

600/ 


To use the table, . suppose we wish to iind the interval 
between D|! and G : tlie numbers opposite these notes are 137 
and 351, which by subtraction give 214 ; from another part of 
the table we learn that this corresj)onds to a diminished Fourth. 
On the equal temperament scale it would appear as a major 
Third. 

Reckoning the Fifth and Fourth (and octave) as perfect 
consonances, they become diminished or augmented when 
multiplied by |A or |A, but the terms major and minor are not 
applied. Among the others, or imperfect consonances, a major 
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interval cannot le diniinishcd, nor a minor one augmented. 
The augmented perfect intervals are .someliiaes called jduperfect, 
and an augmented or pluperfect Fourth ((1 to FjJ) is also known 
as a Tritone. Oh.serve that, contrary to the usual rule, Fb is 
graver than Ejf, and Cb than 11^. 



APPENDIX in 

DR. KOENIG’S RESEARCHES 

Du. Koenig has arrived at conclusions differing from those of 
Helmholtz as to the mode of production of heats of different 
intervals, and the existence of beat tones, i.e. tones produced by 
the coalescence of beats. His experiments do not admit of 
being repeated by the student, but may be summarised as 
follows. 

When two forks differing by a wnde interval are sounded 
together, two sets of beats are audible, e{iual in number to the 
positive and negative renminders obtained by di^^iding one of 
the frequencies into the other. For example, forks of 40 and 
74 vibrations per second give one set of 34 and another of 6 
beats per second. The former of these is the ordinary re- 
mainder when 40 is made to go into 74, the other is what has 
to be subtracted to give 74 when it is made to go twice 
(2 X 40 - 74 = 6). On Helmholtz’s theory the latter would be 
accounted for by the upper jiartial of 40 beating with 74, but 
this explanation is not always satisfactory. 

Again, from forks of 64 and 10G| v.s. one set of beats at 
the rate of 42f per second is audible, and another at the rate of 
2l|, The former of these may in this and similar cases be 
called the inferior^ and the latter the superior set. 

With frequencies of (54 and 112 the inferior set (48) is not 
heard, but the superior (16) comes out plainly : similarly, 64 
and 120 give 8 strong beats. 

The following table gives the results with forks of higher 
pitches, the beats now blending into a continuous tone ; — 
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KroqiiPncies. 

2048 \ 
2304/ 
2048 1 
3840/ 
2048 \ 
3072 / 
2048 \ 
2816/ 
2048 \ 
3328 / 
1024 j 


Uo. 

luf«irioi' Hi'iit-Toiu*. 

Supfi'in 

r n.-at-T. 

9 

256 



15 


Ut, 

= 256 

3 

Ut5=1024 

ih, 

= 1024 

11 

Sob = 768 

Mi, 

-1280 

13 

Ut;t = 256 

ut. 

II 

9 

Ut, = 256 




No explanation of these can be given on the supposition that 
they are all ilifferential tones. 

Moreover, when the forks Ut^ and Solj. (2048 and 3072) 
were taken, and the latter loaded with wax so as to give 3070 
vibrations, beats were heard at the rate of 4 per second, because 
the remainders now become 1022 and 1020. This proves the 
reality of the beat-tones, for otherwise they would not them- 
selves produce beats. 

Proceedingr ta 'Other intervals, the following table shows the 
frequencies <rf the forks employed, the ratios of these numbers 
in their lowest terms, tlie number of beats (positive remainders), 
and the names of the corresponding notes : — 


Primo Tones. 

Ratio. 

Beats. 

4096 and 3840 

16:15 

256 

„ 3968 

32:31 

128 

„ 4032 

64:63 

64 

„ 4048 

2.56:253 

48 

„ 4056 

.512:507 

40 

„ 4064 

128 : 127 

32 

„ 4070 

158 : 157 

26 


All these resultant tones are audible except the last, which is 
just below the limit of hearing, and produces a fluttering sensa- 
tion. 

With regard to beat-tones, then, they have the exact pitch 
due to the frequency of the beats themselves, they interfere and 
give secondary beats, and the same number of beats always 
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gives the same beat-tone irrespective of the interval between the 
primaries. 

Dr. Koenig has also made bars of steel of rectangular section, 
which when struck in one direction give one note, and at right 
angles to that direction another note. A particular one gave 
'2048 and 2304 for the two directions : on striking it obliquely 


L/V-j/ 'V \| 

''v/\AA. 

. / . i j A. / \ 

' v„M.|\/'\/ 

/l /'^ 

^ /:..J ... ......... 

■ /' i ' i ; W 1 


'■/ 1 ! ■ / 1 
•!i _j 


P\ 

M P 

1 ' \ \/ '\ i 

'•AlLk 
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it gave the inferior beat^one (256) plainly enough. Another 
bar giving 2048 and 3840 yielded 256 as the superior beat-tone. 
Hence the beat-tone is not due to any peculiarity resulting from 
the separate origins of the two wave-systems. 

Any series of maxima and minima of sounds of any pitch, if 
isochronous and similar, produces a tone the pitch of which is 
due to the frequency of such maxima and minima. If, for 
example, the sound of a shrill whistle be interrupted 128 times 
in a second, a note of this frequency will be heard. Dr. Koenig used 





APPENDIX III 


207 


a metal disc pierced with 16 lioles, revolving at the rate of 8 
times in a second : tliis cut off and admitted the sound of forks 
of all i)itches from 256 to 4096, and the note 0 with 128 v.s. 
was always present. This also tends to confirm what lias been 
said about the coalescence of beats, and we may remark in 
passing' that it prevents the analysis of a compound tone being 
made by such means. 

With 1‘cgard to differences of phase affecting the ear, Koenig 
has attem])ted to show that they are not wilhout effect, as 
follows. He draws the curve, comjioumhid of a prime and its 
first ton harmonics, with continuously-diminishing amjililinles : 
in one case they all start in the same phase, in another all the 
partials are J wave in advance of the ]»rime, in another .J- wave, 
and so on (Fig. 81). These curves are then cut out on a metal 
hand, the ends of which are subsefpiently joined. Air is Mown 
against the edge through a narrow slit, and it is found that tlie 
sounds produced differ according to the curve used. To look 
at the curves it would be strange if they did not ; but whether 
the wave-systems emitted in air reproduce all the components 
as cut on the edge and no other is perhaps open to doubt. When 
the phase difference is the tone is loudest and most strident, 
with I it is soft and gentle, and intermediate at 0 and The 
apiiaratus is called a Wave-Siren. 

In another instrument (Fig. 82) the same princiide is pursiie<l, 
hut in a different manner. A series of brass discs — 16 in all — 
arc mounted one behind the other on a common axle, the rims 
of these are cut out in simple harmonic curves of diminishing 
amplitude and jicriod. Each can be blown by a jet of air 
coining from a narrow slit, and a keyboard enables the operator 
to set any or all of the jets in action at will. Differences of phase 
may be brought about by setting the discs at a small angle as 
compared with their original positions, and the slits themselves 
may be tilted, thus introducing a difference of the same kind. 
The results show that the sound does vary with the phase, being 
purer with a difference = 0, and more strident and nasal when 
it = ^ (see Koenig’s Qaelques Exp&iences d* Acoustique^ or Nature, 
vol. xxvi. pp. 204, 276). 

Some of Helmholtz’s views on upper partials also appear to 
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require modification. For example, in wires the periods of the 
smaller wave - motions superposed on the primary are not 
exact submultiples of its period, because the relative rigidity of 



Pifl. 82. 


a wire for short lengths is greater than fijr long ones, and 
though Fourier’s theorem is beyond dispute, it may not be 
strictly applicable as a matter of physics. 

So, again, the use of resonators tuned to the theoretical upper 
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])artiHls of organ pipes, vowel sounds, etc., tends to mislead, 
because the partials actually present are not of tlie theoretical 
pitch, and the synthesis of simple tones, e.g, tlnwe of tuning- 
forks, fails to give the compound tone of an iiLstriinieiit for a 
similar reason. 

There can be no doubt of the value of Helmlioltz’s work, and 
of the enormous advance in the science of Acoustics whicli is 
due to him ; but licrc, as in other cases, it is not given to any 
one man to exhaust a scientific subject. (See also Koenig on 
the “ Wave-Siren,” Wiedemann^ s Annalen, Ivii. p. 339, 1896.). 
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APPENDIX IV 


The following is a list of some of the chief contributors to 
mathematical or experimental Acoustics, with dates. It is not 
exhaustive, and does not include the names of ])hysicists w'ho 
are happily still living. Most of them were Professors of 
Physics or Mathematics at British or foreign universities and 
colleges ; perhaps the most singular exception was Scheilder, a 
silk merchant of Crefeld in Ehenish Prussia. 


Arago, Dominique Fraiujois, 1786- 
18.53. 

Beriiouilli, Daniel,^ 1700-1782. 
Biot, Jean Bajttiste, 1774*1862. 
Boyle, Hon. Kobert, 1627-1691. 
Chladni, Ernst Floreiis Friedrich, 
1756-1827. 

Colladon, Jean Daniel, 1802-1893. 
Corti, Bonaventura, 1729-1813.^ 
Despretz, C6sar Mansnite, 1792- 
1863. 

Donder.s, Fran(;oi,s Cornelims, 1818- 
1889. 

Dojqder, Chretien, 1803-1854. 
Dove, Heinrich Wilhelm, 1803- 
1879. 


Duhamel, Jean Marc Constant, 
1797-1872. 

Dulong, Pierre Louis, 1785-1838. 
Earnshaw, Rev. Samuel, 1805- 
1888. 

Ellis, Alexander John, 1814-1890. 
■Euler, Leomard, 1707-1783. 
Faraday, Michael, 1791-1867. ■ 

Foucault, Jean Bernard Leon, 
1819-1868. 

Fourier, Jean Baptiste Joseph, 
1768-1830. 

Galilei, Galileo, 1564-1642. 

Gauss, Karl Friedrich, 1777-1855. 
Green, George, 1793-1841. 
Grie.sbach, John Henry, 1798-1875. 


^ One meinher of a mo.st distinguished femily. 

2 According to both the Genhiry Dictionary and the New Knylish 
Didionnry, the fibres, arches, etc., of the cochlea take their name from 
Bonaventura Corti ; but, on the other hand, Wcrnich and Hirsch {Biogra- 
fhisckcA Lexihm, 1884) speak of the Marquis Alfonso Corti, who “seinen 
Namen mit der Histologie der Gehdrwerkzeugo (lurch (las meh ihm 
benannte Corti’schc Organ fur immer verknupft." Probably the former is 
the more correct. See also p. 160. 
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Helmholtz, Hermann Lndwitj Fer- 
dinand von, 1821-189}. 

Hersclicl, Sir John Frederick 
William, 1792-1871. 

Hopkins, William, 1793-1866. 

Kastner, Frederick^ 1852-1882. 

Kirchhoff, RoBort, 1824- 

1887. ' ,• 

Kundt, Arigust, 1838-1894. 

Laplace, Pierre Simon, 1749-1827. 

Latour, Baron Cagniard, 1777-1859. 

Lissajous, Jules Antoine, 1822- 
1880. 

Marloye, Albert, 1795-1874. 

Mercadier, Paul Louis, 1812-1889. 

Mersenne, Marin, 1588-1648. 

Newton, Sir Isaac, 1642-1727. 

Ohm, Georg Simon, 1787-1854. 

Poisson, Simeon Denis, 1781-1840. 

Reguault, Henri Victor, 1810-1878. 

Reis, Philip, 1834-1874. 

Saussure, Nicolas Theodore, 1767* 
1845. 


Sauveur, Joseph, 1653-1716. 

Sav.art, Felix, 1791-1841. 

Scheibler, Johann Ileinricli, 1777 
1837. 

Seebeck, Johann Tliomas, 1770- 
1831. 

Smith, Dr. Robert, 1689 1768, ■ 

Soudhauss, Karl Friedrich Julius, 
181.5-1886. 

Sorge, Georg Andr-oas, 1703-1778. 

Sturm, Jacques, 1803-1855. 

Tartini, Giuseppe, 1692-1770. 

Terquem, Olry, 1823-1888. 

Weber, Ernst Heinrich, 1795- 
1878. 

Weber, Guillaume Edouard, 1801- 
1891. 

Wheatstone, Sir (.Hiarles, 1802- 
1875. 

Willis, Rev. Robert, 1800-1875. 

Wollaston, Dr. William Hyde, 
1766-1828. 

Young, Dr. Thomas, 1773-1829. 




INDEX 


Acoustic pendulum, 42 
Air, velocity of sound in, 131 
^■Amplitude, 13, 143 
Analysis of sounds by the ear, 160 
Aptinodes, 12 

Attraction exerted by a sounding 
body, 41, 42, 57 
Audition, experiments on, 190 

Beam compass, 19 
Beats, 167 

Chladni’s figures, 64-63 
Combinational tones, 174 
Compound liarmouic motions, 100- 
117 

Corti’s fibres, 157 
Crova’s disc, 15 

Differential tones, 174 
Diffraction, 193 
Doppler’s principle, 140 

Enf.roy of a vibrating fork, 72 
Enbarmonic scale, 202 

Flames, sensitive, 182 

singing, 176 

manometric, 186 

Forced and free vibrations, 15-17 
. Frequency, determination of, cli. v. 
p. 44 

/Gases, velocity of sound in, 132 
Graphic constructions, 108, 167 


Harmonic motion, ch. ix. p. 88 
Harmonics, clis. xiv. xv. pp. 150, 
154 

Heat, effect of, on elasticity, 120 '’ 

sounds produced by, 176-180 ' 

Helmholtz siren, 48 
Hopkins’s forked tube, 166 
Hydrogen, transmission of sound 
through, 5 

Intensity of sound, 142 
Interference, 57, 68 
Intervals, 201 

Kaleidoi’IIONE, 100, 103 
Koenig, Dr., researches of, 204 
Kundt’s tube, 133 

Liquids, velocity of sound in, 137 
Lissajous’ curves, 107 
Longitudinal vibrations, 13 

Manometric capsules, 186 
Melde’s ex[>criinents, 74 
Mersenne’s laws, 21-27 

Newton’s foi-mula, 127 

OnoAN pipes, ch. viii. p. 78 

Pendulum, Blacliburu’.s, 103 

motion of, 89 

Phase, 89, 109 
Phoneido.scope, 41 
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Plionograpli, 196 
Pliotophone, 195 
Piano, experiments with a, 157 
Pitch, 9 

Plates, vibration of, 54-63 
Polarisation, 193 
Progressive waves, 11, 16 

Railings, reflection from, 122 
Reeds, 79, 80 

Reflection of sound, 118-123 
Refraction of sound, 123-126' 
Repulsion, acoustic, 42, 57 
Resonance, ch. iv. p. 33 
Resonators, 37-39 
Rijke’s tube, 180 
[locker, Trevelyan, 181 
Rods, vibration of, 53, 54 

Scales, inuslcal, 145 
Siren, 46-50 

Solids, veloditir of sound in, 135 
Sonometer, ch/iii. p. 18 
Sound, trausmissiou of, 2-7 
waves in air, 14 


Stationary waves, 11, 13, 31, 96 
Summational tones, 175 
Superposition of waves, 98 

Tonometek, 50, 51 
Torsional viVu-ations, 14, 29 
Trevelyan roclcer, 181 
Triads, major and minor, 145 
Tuning, how effected, 30, 167 
Tuning-forks, 64 

Vacuum, sound in a, 6, 6 
Velocity of sound, 127 
Vowel sounds, 157 

Water- jets, 188 
Wave-motion, nature of, 10-17, 9 
96 

Waves, stationary, 11, 13, 96 
Wind, effect of, on sound, 144 
Wheatstone’s kaleidophone^ 100 
theory of sand-figures, 68-6 

Young, observations of, 152 


THE END 
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